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Abstract
The corrosion of buried steel water pipelines is of great importance across the world because of its
impact on community health and related costs, as well as the high costs of maintenance and
replacement to infrastructure. The majority of corrosion that leads to leaks and bursts, and thus
failure of water pipelines, is localised corrosion from the external surface of the water pipeline.
Localised corrosion in the soil-steel environment is often due to the action of microbes accelerating
corrosion in a process known as microbiologically influenced corrosion (MIC). As yet little is
understood of the mechanisms of MIC and how it occurs in soil.
Commonly, MIC in soil is studied in solutions or in soil samples extracted from sites of interest. Both
of these experimental scenarios have significant limitations due to the nature of soil corrosion as it is
highly dependent on the physical structure of soil. Solution systems cannot replicate the porous
nature of soils, though they can replicate the chemical components of soil.  Extracted soil samples
lose their structure and it is difficult to obtain reproducible results using this system. To overcome
these limitations, a novel analogue for soil for electrochemical investigations has been developed
using semi-solid agar.
Initial investigations in this thesis used solid agar, with an agar concentration of 15 g/L. In this phase
of experimental work it was determined that oxygen control was crucial to obtain replicable results
and to prevent crevicing of the metal samples. Significant difficulties in obtaining replicable
electrochemical results due to the lack of movement of oxygen through solid agar led to the
introduction of semi-solid agar as an analogue for soil. Semi-solid agar had an agar concentration of
4 g/L and has many qualities that make it an ideal medium to form the framework of a soil analogue.
These include the ability for gases, nutrients and bacteria to move through the gel; the porous
nature of the tertiary structure of the gel; and the wide range of temperatures at which the gel is
stable.
Experimental work with semi-solid agar formed the basis of phase two of this thesis. The
electrochemical limits of agar and how the introduction of peptide based nutrients changed the
interactions between steel and agar were investigated. Peptide nutrients were shown to have an
inhibitive effect on the corrosion of steel. This finding changes the way in which MIC results should
be analysed. The effect of the nutrients included to support the growth of bacteria and to replicate a
given environment have not been duly considered in the past when determining the mechanisms of
corrosion.
Bacteria were introduced to the semi-solid agar system in the third experimental phase. This allowed
the metal-bacteria-agar environment interactions to be systematically studied. Taking into
consideration the findings from the work in solid and semi-solid agar, Pseudomonas fluorescens was
selected as a trial bacteria species to increase understanding of the capabilities of the semi-solid
agar system. P. fluorescens is a gram negative aerobic bacteria that is capable of forming a biofilm in
isolation. The findings from this phase of work were twofold. Under the conditions examined, P.
fluorescens was shown to have a corrosive effect on carbon steel. A mechanism for this was
determined based on the production of siderophores that bind Fe(III) by the bacteria, which is then
taken up by the cells and reduced to Fe(II) thus accelerating corrosion. In addition, both corrosion
product and P. fluorescens were shown to migrate through the semi-solid agar, demonstrating a
ix
unique capability of the semi-solid agar. Due to the composition of semi-solid agar and the addition
of 2,3,5-Triphenyltetrazolium chloride (TTC), a dye which allows the movement of bacteria to be
tracked, the semi-solid agar system was able to visually show interactions between corrosion
products and bacteria as well as give a rapid indication of the viability of bacterial cells at the
conclusion of an accelerated electrochemical test.
In summation, a novel semi-solid agar system for corrosion testing has been developed. The semi-
solid agar system has been found to be electrochemically stable within a given potential range, gives
reproducible results, can be used at a range of temperatures, the chemical composition and stiffness
are readily adaptable and the system behaves in a manner representative of clay based soils. In the
course of this project, the mechanisms of carbon steel corrosion in agar have been determined and
understood under a variety of environmental conditions. This in turn has enabled the interactions
between carbon steel, P. fluorescens and the agar environment to be systematically studied leading
to a greater understanding of how P. fluorescens interacts with metallic iron and iron oxides. A
mechanism for the accelerated corrosion of carbon steel in the presence of P. fluorescens has also
been determined. Given the ability of the system to indicate the movement of bacteria and
corrosion product and how they interact with one another, there are a wide range of potential
applications for the system including furthering the understanding of iron reducing bacteria,
bioremediation and cathodic protection in cases of MIC.
1Chapter 1. Introduction
1.1. Background to project
Many western countries, including Australia, are heavily reliant on vast pipe networks to convey
potable water for household and industrial consumption. These pipes form the majority of urban
water authorities’ assets and are primarily buried underground in towns and cities making access
difficult and expensive [1]. Seventy percent of the 139 000 km potable water pipe network in
Australia, predominately critical transmissions mains, are constructed of ferrous materials most
commonly cast iron and carbon steel and are thus highly susceptible to corrosion [2]. These aging
pipelines, many laid 50-100 years ago, were given extensive design lives and were commonly buried
with little consideration of the external surface corroding [3]. Soil is considered a benign
environment with little corrosion, with the main risk perceived to be from the internal environment
of a pipeline [4]. However, studies have found that localised corrosion from the outer surface of
potable water pipelines is likely to be responsible for the majority of leaks and bursts [2, 5]. Failure
due to leaks and bursts leads to disruption of potable water services which has a high economic cost
including loss of an essential service, repair material costs and labour costs [3]. In Australia 79% of
the 26,700 annual pipeline breaks are attributed to corrosion with an estimated cost of $123 million
to the industry in maintenance and replacement costs. In the USA there are an estimated 240,000
breaks a year with the bulk of these due to corrosion and it is anticipated that it will cost $1 trillion
to repair and replace all of the necessary infrastructure over the next 25 years [6].  In Toronto,
Canada 25-30 breaks per 100km of piping are experienced per year [7]. Some have had major
ramifications including the flooding of an electric transformer station, roads being washed away and
contamination ingress of the distribution pipes which are past the final treatment stage and thus
reliant on chlorine residuals to prevent infection . There are further potential health repercussions
due to corrosion of water pipelines such as those experienced in Flint, Michigan in the USA over the
past year [8]. Mismanagement of this important infrastructure and lack of consideration for
corrosion when changing water supplies has given rise to widespread lead poisoning in children, as
well as multiple cases of Legionnaires disease. Corrosion of water pipelines, especially localised
corrosion of the buried surface, has considerable economic, environmental and health costs which
need to be reduced where possible through appropriate design, monitoring and replacement.
Soil is heterogeneous by nature and consequently the environment directly in contact with a pipe
changes along its length with areas of air, water and solid particles or combinations of the three. The
environmental conditions along a pipeline are particularly important as the majority of failures along
pipelines are due to pitting corrosion from localised oxygen, moisture and/or microbial changes [2,
9, 10]. Soils that allow for easy drainage, such as sandy soils which have large particles and thus large
pores, are less corrosive than soils which tend to collect and hold water, such as clays which have
very small pores [11]. Whether water collects in soil is also dependent on the level of compression
the soil experiences which is dependent on soil type. Moisture retention increases in soil with
decreasing soil pore size and increasing compression levels and as this occurs, oxygen diffusion
decreases as oxygen and water compete for space in soil pores. The type of corrosion that occurs in
soil also depends on moisture content and pore size [12, 13]. In moist soils, such as clays, uniform
corrosion is more prevalent, whereas localised corrosion is more prevalent in dryer soils where
oxygen levels are higher and more likely to form heterogeneous layers within the soil.
2Moisture content and soil type are also linked to the presence of microbes in soil. Microbes in the
form of biofilms are found predominantly in pores as they are dependent on the flow of water for
nutrients and movement through soil, and as such movement of bacteria through soil is restricted by
compartmentalization of the soil matrix [14]. In the late 1950s, a range of studies were conducted in
the UK and US which investigated the soil conditions in pipeline ditches [15, 16]. Pipe ditches that
have been backfilled were found to contain higher levels of microbial activity than undisturbed soil
at similar depths nearby [15]. This could be due to much higher moisture than equivalent
undisturbed soil. In some cases, free water was present in the bottom of pipeline ditches. In the area
directly above a pipe, the soil is less compacted than other areas [17], allowing water to penetrate
and flow more rapidly and leads to highly efficient aeration. Increased moisture and increased
bacterial growth in the disturbed soil found along pipelines lead to increased heterogeneity which
contributes to ideal conditions for corrosion. More recently it has been suggested that a pipe ditch
should be regarded as a subsurface drain and that buried pipes should be treated as being
permanently wet, especially on the underside [18]. The current Australian Standard for the
installation of buried flexible pipes applies to steel water pipes and gives strict guidelines on how to
excavate trenches, what foundations for pipes should consist of and what materials can be used for
backfilling [19]. Unfortunately, prior to 1998 there was limited regulation of pipeline trenches so
there is potential for high levels of moisture to be present for many of Australia’s potable water
pipelines and thus increased bacterial activity and corrosion.
The phenomenon of bacteria and other microorganisms in the form of biofilms influencing corrosion
has been observed in many different systems and is known as microbiologically influenced corrosion
(MIC). MIC is a process whereby deterioration of a metal occurs directly or indirectly due to the
activity of, and or interaction with, microorganisms such as bacteria [20]. Microorganisms can
influence corrosion to occur at higher rates than normally anticipated though, interestingly have also
been shown to have a protective effect in some environments. In situations where increased
corrosion occurs, MIC can lead to catastrophic failure as the rate of corrosion is difficult to predict
when microorganisms are present. Biofilms in soil can contribute to the acceleration of localised
corrosion through a range of mechanisms resulting in leaks and bursts along a pipe [10].  Biofilms are
complex localised systems within which microbes form synergistic micro-environments allowing the
survival of a variety of species [21]. Often there are both aerobic and anaerobic bacteria present in a
biofilm, both of which have been implicated in MIC [20]. Biofilms have an open, patchy structure
which allows gases and particles to flow leading to the formation of chemical gradients, including
oxygen gradients, which have been shown to contribute to MIC [21]. There are multiple mechanisms
that have been suggested for MIC all of which are believed to involve biofilms being present. The
soil-microbe-metal system is a complex one that is only beginning to be investigated [22]. While MIC
has been studied for decades in a variety of media it is not fully understood. This is especially true
for metals exposed to soil, such as water pipes.
3Figure 1: Idealised structure of soil
One of the major limitations with understanding MIC mechanisms in soil is the development of
laboratory based techniques to replicate the soil – metal environment for soil corrosion studies and
in particular, MIC studies. Corrosion in soil has previously been investigated using both solutions [23,
24] and soil samples [13, 25]. Solutions are able to simulate the chemical composition of soil, but not
the physical composition. The physical composition of soils is complex as soil contains three phases;
solids in the form of soil particles, liquids such as ground water, and gases including oxygen as shown
in Figure 1 [2]. The typical liquid/gas/solid multiphase corrosion system associated with soils results
in solid soil particles forming pores within which water is trapped resulting in liquid dispersion across
a metal surface buried in soil [9]. This leads to the formation of triple phase boundary (TPB) zones.
TPB zone geometry is affected by soil type, soil compression and water content; all of which are
physical parameters [26].  The impact of the geometry of these zones on corrosion rates has been
modelled [26]. As the length of total TPB zones on a metal surface increases, the liquid dispersion
across the surface increases and the corrosion current density increases in a linear fashion. Moisture
content in soil is particularly important along buried water pipes as they are typically buried
between 600 and 900mm below the surface [2]. At these depths the soil moisture content varies
with climatic events such as rainfall [27].  Moisture levels and compaction of the soil also affect how
bacteria interact with the environment and what types of microbes are present [22]. Soil samples
taken from a site of interest have been used to investigate corrosion in soil as an alternative to
solutions. However, soil samples generate their own problems leading to inconsistencies and large
variability in the conditions and subsequent interpretation of data. Once samples are taken from the
ground it is difficult to replicate the level of compression they had experienced [28]. In addition,
there is a need to monitor and/or control moisture content of soil samples in experimental studies
because as moisture levels in soil increase, the corrosion current density increases [29]. Moisture
levels, and subsequently oxygen levels, are complicated to maintain in an experimental set up. The
difficulty of replicating soil parameters precisely in a laboratory environment limits the use of soil
samples for fundamental studies of the electrochemical processes, the thermodynamics and the
kinetics of soil corrosion, particularly MIC.
4These limitations may be overcome through the use of gels to form semi-solid matrices. Gel based
systems, especially those utilising microbiological agar (Figure 2), have the potential to replicate both
the physical and chemical composition of soil while providing greater control and consistency in
moisture and oxygen content in a laboratory environment. Consequently gels could be a better
model for laboratory based studies than solutions or soil samples. Gels have been previously used in
electrochemical studies to simulate sewage sludge; these have primarily involved silica and
polyacrylamide gels which were not designed to support bacterial growth [30-32]. Very few
electrochemical studies have utilized agar based gels which are capable of supporting bacterial
growth and these few studies employed non-accelerated test methods [33-35]. ‘Soft’ agar has been
used as a matrix for rock, but these studies did not investigate the electrochemical performance of
the agar [33]. Agar has much unexplored potential as an electrolyte for electrochemical studies.
Figure 2: Properties of agar that give rise to the potential of agar to replicate physical and chemical
properties of soil
In this thesis a novel semi-solid agar based replicable analogue for soil that is suitable for
electrochemical studies of microbiologically influenced corrosion (MIC) has been developed. Agar
allows for greater control over the porosity, oxygen concentration and moisture content of the
electrolyte. It also provides a matrix for the growth and motility of bacteria that more closely mimics
soil than the traditionally utilised solutions. An analogue system of this kind had not been developed
previously, so the bulk of this work has focused on the design of the agar based test system for
replicating MIC in a soil based environment. This involved determining the electrochemical
parameters of agar and the conditions required to obtain viable, consistent data that is a good
representation of soil in the laboratory environment. Pseudomonas fluorescens was used as a model
bacterial species to further develop the agar based system and understand the interactions of
bacteria with the system within a flat cell arrangement. As an aerobic, biofilm forming bacterial
species, P. fluorescens was an ideal model for the development of the semi-solid agar analogue of
soil. From this study it has been possible to develop a deeper understanding of the mechanisms of
MIC of steel in soil and the interactions between the bacteria, steel and their environment.
51.2. Scope of work
The aims of this work were to:
· Develop an experimental system to replicate soil for the fundamental study of MIC using
agar as a gelling agent
· Understand the mechanisms of carbon steel corrosion in agar based gels under a variety of
environmental conditions, including the addition of nutrients, with and without bacteria
present
· Systematically study the metal – bacteria - environment interactions present in an MIC
induced situation
Together, these contributed to the overall aim of the work of furthering the understanding of MIC
on the external surface of buried potable water pipelines.
The project consisted of a detailed literature review and three experimental phases. All three
experimental phases aimed to increase the understanding of the interactions between soil and
carbon steel and how this can be replicated. In addition, the final phase investigated this interaction
with bacteria present to increase the fundamental understanding of the impact of microbes on soil
and corrosion.
1.3. Thesis structure
The thesis is broken into eight chapters, detailing the progress of this study.
· Chapter 1 is this introduction which identifies the need to develop a system to replicate soil
for laboratory based soil MIC studies.
· Chapter 2 follows this introduction and is a detailed literature review. The literature review
investigated the factors that influence the corrosion behaviour of potable water pipelines in
regards to different types of microorganisms and environmental conditions and the factors
that are important when designing a test system for the study of corrosion, especially MIC,
in soil. This includes the bacteria that have been implicated in MIC in a variety of
environments; MIC of buried carbon steel pipes; contributors to corrosion in soil; techniques
for the study of soil corrosion and MIC in soil; and analysis techniques.
· Chapter 3 is a methodology chapter detailing the experimental methods used throughout
this work.
· Chapters 4 to 6 cover the results and detailed discussion for each of the three experimental
phases of the work.
o Chapter 4: Phase one covered the development of a methodology for the use of
solid agar as a potential analogue for soil and an analysis of how solid agar interacts
with carbon steel under accelerated electrochemical testing.
o Chapter 5: Phase two substituted solid agar with semi-solid agar to increase the
convection of gases and ions through the agar and replicate the soil environment
more precisely. The required conditions to ensure replicable results in agar were
established and a detailed fundamental understanding of the interaction of steel
with semi-solid agar was reached. Peptide nutrients were also introduced to the
system and the effect of these on the corrosion of steel determined.
o Chapter 6: Phase three investigated the effect of bacteria on carbon steel in the
semi-solid agar environment. It analysed the effect of microbes on the steel with a
6variety of applied potential conditions. It also investigated how the response of
microbes to different potential conditions was affected by the time in which biofilms
were given to develop.
· Chapter 7 is a general discussion bringing the findings of the three experimental phases
together. It discusses the advantages and disadvantages of the semi-solid agar system
developed as a replica for soil in laboratory based accelerated corrosion tests and where the
system may be further applied.
· Chapter 8 details the conclusions of the work and the potential avenues of future work
based on these conclusions.
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Soil has a unique structure incorporating three phases: solid, liquid and gas. This complex structure
facilitates corrosion of buried infrastructure with both chemical and physical properties of soil
playing a role in determining the nature and rate of corrosion. Fundamental studies of the
electrochemical behaviour of steels in soil assist in determining the steps that need to be taken to
ensure infrastructure such as pipelines are able to meet the design lives required by their
application. This literature review comprises two parts with the aim to enable an understanding of
how fundamental studies of buried steel corrosion are conducted. The first section reviews different
factors that need to be considered when designing a corrosion experiment in soil, in particular MIC
experiments. The second section reviews previous studies on soil corrosion, with and without
microbes present.
2.1. MIC and corrosion in soil
Many different factors need to be considered when designing an experiment to investigate MIC in
soil. These factors include the fundamentals of iron and iron alloy corrosion; how the soil
environment affects corrosion; the different types of bacteria and microbes associated with MIC and
what combinations to use in specific experiments; how nutrients added to a system, to make it more
realistic and to encourage growth of bacteria, affect the metal of interest as well as the bacteria; the
different techniques that can be used to study corrosion and how they affect metals and bacteria;
and how techniques used to study and control the development of biofilms and corrosion impact on
the biofilms. These factors, discussed below, were considered in the development of the semi-solid
agar electrolyte system which forms the basis of this thesis.
2.1.1. Corrosion fundamentals of carbon steel and iron
Corrosion of iron and iron alloys such as carbon steel is a well understood process. Iron reacts with
oxygen to form a range of oxide / hydroxide species, in both hydrated and anhydrous form, the most
stable state of iron forming in the presence of sufficient oxygen being ferrous (III) oxide [36].
Pourbaix diagrams describe the thermodynamics of a metal corroding by relating the potential of a
metal to pH changes in a given environment [37]. These diagrams are important in determining the
likelihood of corrosion occurring under given conditions and what state the metal oxides would be
found in. The other consideration in corrosion studies is the kinetics of the system: how quickly will
corrosion occur [38]. In many systems, corrosion will be occurring but at such a slow rate that in
terms of the effect on infrastructure it is negligible. This balance between thermodynamics and
kinetics of a corrosion system is described by potentiodynamic curves [38]. The potential shown in
potentiodynamic curves gives an indication of the thermodynamics of the system and the current an
indication of the kinetics. Both Pourbaix diagrams and potentiodynamic curves are key tools used by
corrosion professionals to describe the corrosion of iron.
In the corrosion of iron and iron alloys, iron is oxidised at the anode to form Fe(II) [39]. This is then
further oxidised to Fe(III) in the oxide film. In oxygenated solutions this is accompanied by the
reduction of oxygen and hydrogen to water [40]. In deoxygenated environments, the slower reaction
of hydrogen reduction occurs. The reduction reactions occurring at the cathode are the controlling
reactions which determine the time it takes for corrosion to occur. In low chloride solutions such as
potable water, a passive iron oxide forms which slows the reaction as it reduces the ability for
8oxygen to diffuse [40]. Chlorides are a risk factor in iron alloy corrosion because they limit the
formation of this passive oxide layer leading to an increased corrosion rate, in higher chloride
environments like seawater iron is unable to passivate at all. With the breakdown of this passive
layer also comes the risk of localised corrosion in the form of pitting due to localised changes in
thermodynamics [41]. This can be due to localised changes in pH or changes in oxygen concentration
if a small area of bare metal is exposed and much of the surface remains covered by an oxide layer.
Localised corrosion is of particular risk to water pipelines as it is hard to predict, difficult to monitor
and can rapidly lead to failure.
In atmospheric corrosion of steel, multiple rust layers build up. A dense first layer closest to the
metal is formed with a looser outer layer [42]. Each layer has different corrosion products associated
with exposure to the environment and protectiveness of the oxide film formed. Over time the
defects in oxide films are reduced and the film becomes more compact. Iron oxides do not have
strong bonds to the surface, resulting in sloughing of the film under atmospheric conditions and in
solutions. Oxygen reduction, the cathodic process in iron corrosion, occurs within the rust layers
[43], not at the steel interface. In order for corrosion to occur, the oxide film needs to have high
rates of ionic transport to allow ions from the electrolyte to reach the iron surface to initiate
corrosion [44]. This is important to understand when analysing corrosion experiments, especially if
they are not being conducted under atmospheric or highly conductive conditions.
2.1.2. Soil corrosion of iron and carbon steel
Soil is a highly variable environment with many different types and conditions. The behaviour of soil
is dependent on the proportion of clay, loam and sand in the soil as well as any other particles that
are present in an area such as bacteria, rocks, plants, etc [17]. The physical structure of soil is
important in determining oxygen and electrolyte availability at the site of corrosion on a metal. As a
heterogeneous medium, soil composition can vary across the length of an object, leading to
different micro-environments in contact with the material. Corrosion, especially localized corrosion
which is most commonly the result of MIC, is due to non-uniformity in the environment leading to
the transfer of electrons from one metal surface to another [39]. This non-uniformity can be
associated with oxygen, ion concentration, moisture levels and/or soil type. Localized corrosion is
particularly prevalent in soils due to the high level of heterogeneity they exhibit.
Soils that allow for easy drainage, such as sandy soils which have large particles and thus large pores,
are less corrosive than those which tend to collect and hold water, such as clays which have very
small pores [11]. Whether water collects in soil is also dependent on how compressed the soil is. As
moisture increases in soil, oxygen diffusion decreases as they both compete for space in soil pores.
The liquid/gas/solid multiphase corrosion system associated with soils gives rise to solid soil particles
forming pores within which water or air is trapped resulting in liquid dispersion across a metal
surface buried in soil [9]. This leads to the formation of TPB zones. The geometry of these TPB zones
is affected by soil type, soil compression and water content [26].  The importance of the geometry of
these zones in multiphase systems where liquid/gas/solids impact on corrosion rates has been
modelled [26]. As the length of total TPB zones on a metal surface increases, the liquid dispersion
across the surface increases and there is an accompanying linear increase in corrosion current
density. Clay soils have smaller particles, more pores and thus more TPB zones leading to higher
corrosion current densities than sandy soils. The formation of TPB zones makes the corrosion of
steel in soils considerably different to corrosion in aqueous environments.
92.1.3. The role of bacteria types and biofilm formation in MIC
Many different microbes, bacteria and fungi, have been implicated in contributing to the progression
of corrosion. Microorganisms implicated in the corrosion of iron have been classified into groups
based on their perceived mechanisms of corrosion. The groups include the sulphur reducing
bacteria, iron reducing bacteria, iron oxidising bacteria, acid producing bacteria and extracellular
polymeric substance (EPS) producing bacteria [10]. Of these, the most studied group is the sulphate
reducing bacteria (SRBs). SRBs were first associated with corrosion in anaerobic soils in 1934 [45].
SRBs are predominately obligate anaerobes (eg. Desulfovibrio species) found in many environments
(marine and fresh water, soil) that reduce sulphate ions to sulphite which is then released to the
environment where it can form hydrogen sulphide gas [46]. While SRBs are anaerobic bacteria, they
are often found in aerobic environments where they form microenvironments and thus can be
involved in corrosion in many different settings such as in marine systems and along pipelines. SRBs
are known to increase the corrosion of iron alloys through the action of produced hydrogen sulphide
which is soluble in water and reduces the local pH as well as oxidising iron to form iron sulphides and
hydrogen gas.  They are often found in soil and water with the aerobic species Thiobacillus which are
acid producing bacteria [47]. Thiobacillus produce sulphuric acid from sulphur and are thus quite
corrosive in their own right as well as assisting SRBs to survive in aerobic environments.
Iron reducing bacteria (IRBs) are predominately facultative anaerobic species. There is much debate
over whether they play a protective role in MIC or if they increase corrosion [48]. As the name
suggests, they reduce Fe(III) to Fe(II) using the process as an energy source for metabolism in
anaerobic conditions. Other IRBs use Fe(III) in a fermentation process. The most commonly studied
IRB is Shewanella putrefaciens which was initially classified as a Pseudomonas species [49]. The
reduction of Fe(III) to Fe(II) results in the removal of a passive layer on the steel surface resulting in
increased corrosion [50]. Often, IRBs and SRBs are found in conjunction with iron oxidising bacteria
(IOBs) [51]. These are aerobic bacteria that oxidise Fe(II) to Fe(III) and contribute to the deposition of
iron hydroxides that form tubercles on a metal surface.
Many bacterial species rely on iron for a range of metabolic processes including building proteins
and as such have developed ways to take up iron ions from the environment [52]. There are many
different ways this dependence on iron can lead to bacteria influencing the progression of corrosion
for iron based metals including steel, stainless steel and cast iron. Some are able to take up electrons
as an energy source directly from an iron surface, oxidising the iron in the process. However, most
bacteria scavenge iron through the production of molecules known as siderophores [52]. Escherichia
coli is known to produce siderophores and scavenge iron as are the Pseudomonas family. These are
Gram negative aerobic bacteria that are prevalent in soil and non-stagnant water.  The
Pseudomonads, such as Pseudomonas fluorescens and Pseudomonas aeruginosa are both known to
produce a siderophore known as pyoverdine which is produced in iron restricted environments and
gives their colonies the characteristic yellow-green fluorescence which is commonly used as an
identifying feature [53]. Pyoverdine, as for all siderophores, binds Fe(III) and the complexed
molecule is then taken up by the bacterial cell and the iron released to the cell as Fe(II) [52]. Most
Pseudomonads produce additional siderophores, such as Pyochelin, which are produced when
environmental iron is less scarce.
It is important to note that in a natural environment, bacteria form complex localised systems
known as biofilms and it is under these conditions that the most severe corrosion is found [20, 21].
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Within biofilms, bacteria and other microbes are able to form synergistic micro-environments
allowing the survival of a variety of species in otherwise adverse conditions. Many MIC studies
conducted in the laboratory report higher rates of corrosion with multiple species of bacteria
present or when using natively found biofilm complexes in comparison to a single species [20, 54,
55]. The formation of biofilms is what allows SRBs to survive in aerobic environments as they can
form the inner layer of a biofilm where oxygen levels are minute due to aerobic bacteria on the
exposed surface utilising any available oxygen. An example of this is when an IOB forms a tubercle
and within the tubercle, an aerobic micro environment forms and SRBs are able to replicate and
contribute to corrosion within an aerobic macro environment [51]. Extracellular polymeric substance
(EPS) producing bacteria are vital in the formation of biofilms as it is this that allows the bacterial
cells to hold together [56]. The formation of a film is one way in which bacteria can affect corrosion
processes. They create ion concentration gradients on a metal surface, depolarise the metal surface
resulting in the free corroding potential shifting and interfere with protection measures such as
coatings and applied cathodic protection [57]. Pseudomonas species are a group of aerobic, gram
negative bacteria found across many environments including drinking water and soil that are known
to produce EPS and form biofilms as monocultures [58]. Many different bacteria, yeasts and fungi
have been implicated in MIC and the many associated mechanisms are still being explored.
2.1.4. Nutrients and electrolytes in MIC studies
Microbes, including bacteria, need nutrients to live. Laboratory studies of MIC commonly involve the
use of solutions with nutrient and electrolyte additions, as a means of replicating the environments
where MIC is observed and facilitating the growth of microbes. The role of nutrients in microbial
growth is well established with the ideal nutrient mix for the growth of a wide range of microbial
species known [59]. However, the role of nutrients in corrosion, with and without microbes present,
is still being established [60]. Many different types of nutrients have been utilised in MIC studies.
The types and concentrations of nutrients and electrolytes added affect the viability of bacteria and
may impact on the observed corrosion. It is important that the added compound variables are
controlled for maximum experimental impact. The compounds added can range from organic
molecules such as peptides [61], sugars [62] and amino acids to inorganic molecules such as sodium
chloride [63] and iron oxides [64]. Nutrients have been shown on numerous occasions to have an
inhibitory effect on the corrosion of metals [65]. This depends on the type of nutrients and the ratio
of aggressive ions, such as chlorides, to inhibitory compounds present [60]. In natural waters,
nutrient levels can greatly affect corrosion rates [66]. Earlier stages of corrosion are dependent on
the availability of dissolved oxygen which nutrients in water can decrease by acting as oxygen
scavengers. In longer term corrosion the effect of nutrients is regulated by the rate which nutrients
can diffuse through the corrosion product. There is large variability in the effects different nutrients
have on the corrosion of metals depending on the nature and concentration of nutrients involved
and the environmental conditions.
Nutrient type and concentration in media has been shown to influence the effect of bacteria on MIC.
There are many conflicting studies which have shown that the same bacterial species have both an
inhibiting effect and an accelerating effect on corrosion [48, 67, 68]. It has also been shown that
depending on the media used, Escherichia coli (E. coli) has either an inhibitory or an accelerating
effect on the corrosion of carbon steel [69]. The most commonly used nutrients in MIC studies are
peptide based, either from meat or yeast extracts. Peptides are short chain polymers of amino acids
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which various studies have shown to have an inhibitory effect on the corrosion of steel and other
metals [70-74]. Amino acids are by nature zwitterions as they contain both an acidic carboxyl group
and a basic amine group and can act as either an acid or a base. Both the amine [75-77] and carboxyl
groups are known to inhibit the corrosion of steel under different environmental conditions [73, 74].
The nutrient source is also important as some sources are believed to interfere with electrochemical
characterisation and lead to an inability to replicate results [20]. In particular, yeast extract has been
shown to contribute to increased disparity between electrochemical scans under the exact same
conditions [78]. Yeast extract has also been shown to decrease the pH of solutions, a behaviour that
has previously been attributed to microorganisms in MIC studies in which one of the nutrient
sources was yeast extract.
2.1.5. Corrosion testing techniques
Corrosion studies are predominately designed with one of two aims; to understand the mechanisms
behind corrosion that are occurring or to determine ways to minimise the effects of the corrosion
occurring. There is a wide range of testing techniques that can be employed to study corrosion of
steel. Some are more widely applicable to MIC and soil corrosion than others and there are
limitations which need to be acknowledged for each technique. The techniques can be broadly
categorised by whether they simply monitor corrosion as it occurs or whether they accelerate
corrosion, thus making it possible to study the effects of corrosion in a shorter time period in the
laboratory. Techniques that monitor corrosion as it occurs include weight loss measurement,
electrochemical impedance spectroscopy (EIS), electrochemical noise, polarisation resistance and
open circuit potential (OCP).
· Weight loss: weight loss is a commonly used technique where samples are weighed before and
after exposure to the environment being studied [10]. From the difference in weight corrosion
rates per year can be calculated and the relative corrosivity of different environments compared.
Samples are often exposed for days to weeks to months. This technique is widely applied to
studies conducted in natural environments, e.g. submersion of coupons in rivers [66], and to MIC
studies in laboratories as there is no applied potential which could change the ways in which
bacteria respond [79].
· EIS: in EIS an AC pulse at a fixed potential is applied to a system and the impedance measured in
relation to a range of AC frequencies [80]. It is often used to study oxide films as they form as
well as the effectiveness of polymer coating systems. As the voltage applied is over a very small
range it is understood to not alter bacterial cells and biofilms and thus has been widely applied
to both biofilm studies and studies of MIC [68, 81].
· Electrochemical noise analysis: fluctuations in potential of a metal surface relative to a fixed
reference electrode or an electrode identical to itself are recorded and analysed [82]. These
fluctuations can be used to determine corrosion rates but are most commonly used to assess
whether or not localised corrosion is occurring at a site. While this is best suited as a monitoring
technique it has been used in multiple MIC studies, including the study of anaerobic corrosion
[83] and in the study of the effects of an SRB species isolated from an oil field [84].
· Polarisation resistance technique: this technique analyses the instantaneous corrosion rate with
time for a system [85]. Small changes in potential are applied from OCP at set intervals to
measure the polarisation resistance and Tafel slope values and from this data the corrosion rate
can be calculated. A simplified form of this technique is linear polarisation resistance (LPR)
measurements [85]. In LPR the potential and current are assumed to be linear within a small
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range from the corrosion potential, so only two measurements on either side of the corrosion
potential are necessary. LPR is widely used to determine buried pipeline corrosion rates both in
the field and in laboratory studies [13, 86, 87]. It has also been applied to many MIC studies as it
is considered a low interference technique for biofilm stability [10, 82, 88].
· OCP: in this technique the potential of a sample in a given environment is measured against a
fixed reference electrode with no external current applied [89]. This gives an indication of the
corrosivity of a given system and can be used to determine the onset of localised corrosion. It is
very widely utilised in corrosion studies, especially those that are laboratory based and has been
used in inhibitions studies [70], MIC studies [51, 90] and soil studies [91, 92].
Techniques that accelerate corrosion with the application of potentials significantly greater in
magnitude than OCP include cyclic voltammetry (CV), potentiodynamic scans (PDS) and potential
hold (PH) measurements. These systems share a limitation in that large changes in potential are
known to affect the growth and stability of bacteria, biofilms and other microbes [20, 93]. This can
impact on the results obtained and needs to be taken into consideration when analysing results from
these experiments.
· CV: This technique involves the cycling of potential and measuring the resultant current [94].
The potential is applied in a linear sweep in one direction and then reversed to compare the
differences between a negative and a positive sweep. This allows reducible and oxidisable
(redox) species to be identified. Cyclic voltammetry is widely used in electrochemical studies,
including the study of ionic liquids [95] and the electron transfer between metal substrates and
biofilms [96].
· PDS: potentiodynamic scans are the most commonly utilised accelerated corrosion technique
and can scan anodically, cathodically or a combination of the two depending on the question to
be answered. They can be conducted in one of two ways [38]. In the first method a scan is
started from an applied cathodic potential with potential then increasing gradually in small steps
up to an anodic scan and the current response recorded. Alternatively, starting at OCP, a scan
can be conducted in a negative direction to record the cathodic characteristics and then a
separate scan is conducted from OCP in a positive direction to record the anodic characteristics.
PDS give an overview of the corrosion reactions within a system of interest and using Tafel
extrapolation the corrosion potential and corrosion rate can be calculated from the resultant
curves [85]. It is commonly used to compare the effects of certain environmental conditions, the
addition of inhibitors or the addition of bacteria to a system. Used widely in MIC studies, there is
a growing trend away from the technique due to the understanding that the rapid change in
potential leads to the death of bacterial cells, thus not recreating the conditions experienced in
nature [10].
· PH: Potential hold measurements, or chronoamperometry, is a technique where a potential is
applied to a system and the resultant current produced recorded with time [97]. Potential holds
have been used for many applications including coating disbondment studies, studying the
response of bacteria to held potentials [98] and cathodic potential studies [99].
2.1.6. Effect of applied potentials on steel and bacteria
Given that many electrochemical techniques for the study and control of corrosion are based on
potential changes, it is important to understand the effect of potential on biofilms and bacterial
species. Through knowing how potentials affect bacteria, better decisions can be made in regards to
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which techniques to use for both study and corrosion control when bacteria and other microbes are
involved.
Cathodic protection (CP) is a widely applied technique to prevent corrosion along pipelines;
particularly in the gas and oil industry though it is becoming more widely used in the water industry,
predominately in major cities with aging infrastructure. Generally, a cathodic protection system on
steel infrastructure is deemed to be effective if the IR-free potential measured is maintained at
below -850mV against a copper/copper sulphate reference electrode (CSE) in aerobic soil or water
systems [100]. This can be higher if the item to be protected is in a sandy soil and a low resistance is
measured in the soil. Alternatively it is recommended that the potential be more negative (-950mV
vs CSE) if the environment is deemed to be anaerobic. This recommendation is based on the
understanding that if an environment is anaerobic it is likely to be home to sulphur reducing bacteria
(SRB) which have been implicated in MIC and previously been shown to interfere with cathodic
protection [101, 102]. It has been established that natural marine biofilms impact on the protective
calcareous deposits that form on steel in solutions when under CP. How this impacts on CP
effectiveness is dependent on the current applied [55]. At lower applied currents, a previously
formed biofilm acted as a cathodic depolarizer leading to a loss of effective CP and at higher applied
currents the biofilm had a protective effect. SRB species specifically have been shown to be stable
and not contribute to corrosion when a potential of -900mV vs Ag.AgCl (-990mV vs CSE) was applied
over a period of three months to steel in marine sediment [99]. These limits are of particular
importance for systems which are exposed to changing environments such as pipelines that
transport oil and gas [57]. However, these established limits are being called into question as more
and more systems are exposed to MIC, especially in ports around the world [103]. In practice much
larger negative potentials are being required to be applied to prevent corrosion when biofilms are
present than specified.
Polarisation of biofilms can either encourage growth or result in their death.  In some instance,
polarisation of a metal is required for biofilms to grow on the surface. In seawater, for example, it
has been shown that in order for a biofilm to form faster and more consistently on stainless steel the
steel required cathodic polarisation when compared to steel maintained at OCP [104]. Conductivity
of biofilms can also be impacted by polarisation, in some instances the more cathodic the potential
applied, the more conductive the biofilm and thus greater the risk of MIC [105]. This response to
applied potentials can be used to isolate and identify bacterial species as well as measure their
presence as some species will migrate towards positive potentials and others toward negative
potentials [106]. The focus of previous research has been on the effects of applied cathodic
potentials. The effects of anodic potentials on bacterial activity are less understood. Different
potentials impact the biofilm development of P. fluorescens [98]. When held at a negative, cathodic
potential cells were shown to rapidly elongate and double and form dispersed, mushroom shaped
biofilms. Conversely at a positive, anodic potential, cells demonstrated slower elongation and
doubling time and formed short cells in large numbers of flat, compact micro-colonies. This has wide
ranging implications on the ways in which biofilms and biofouling are controlled.
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2.2. Previous studies of MIC in soil
Many studies have been undertaken investigating the effects of microbes and biofilms on the
internal surface of potable water pipes [107-113]. Therefore, levels of corrosion on the internal
surface of water pipes and the contribution of biofilms has begun to be understood. However due to
protective measures for corrosion and the control of infectious agents, such as linings in the pipes;
constant water flow and the addition of chlorine to potable water, the risk of corrosion is minimal
when compared to the risk of corrosion from the external surface. Localised corrosion of the
external surface is of much greater concern, as it is this external corrosion which leads to such high
costs to public health and infrastructure.
In this section a systematic review was undertaken of the studies of external corrosion of buried
pipelines that have been conducted over the years, focussing on water pipes but also extending to
gas and oil pipelines. This widens the understanding of how soil-microbe-steel pipeline interactions
have been studied in the past. A second systematic review has been undertaken of soil-MIC-steel
laboratory based studies in order to isolate areas of research focus. As a wide variety of literature
has been surveyed as part of this review, tables have been constructed to summarise and compare
the findings.
2.2.1. Field studies
From examination of the analysis techniques and means to identify the presence of MIC in the field
studies of water pipes (Table 1), several trends have been identified. The majority of the studies
aimed to correlate soil properties with corrosion risk to the pipelines to enable better management
of the systems. This could involve comparing the soil types found along a pipeline to standards of
soil aggressiveness [114], but also often involved detailed soil analysis of soil samples taken from a
long a pipe and comparing this to the wall thickness of the pipe and/or pit depth and pit morphology
[5, 86, 115-119]. Of the many varied properties of soil that were examined the key ones included soil
resistivity, pH, redox potential and moisture levels. Some studies also undertook chemical analysis of
the soil for chlorides, sulphides and bicarbonates but this was less common. In reviewing these field
studies it was clear that there was a lack of consistency between studies in terms of what soil
analysis was undertaken, with some undertaking many different soil tests [5, 118] and some only
measuring one soil property [86, 87], and how the corrosivity of the system was determined.
In addition to the analysis of the corrosion risk of the soil along the pipelines studied by the twelve
papers included in this review, eight discussed the potential risk of the action of bacteria. Indeed, it
was a factor first considered for the extent of corrosion of the external surface of water pipelines in
1910 [120]. Faced with high sulphide levels in the rust samples gathered that could not be explained
by the understanding of metallurgy of the time, the author hypothesised that ‘sulphur bacteria’ in
the soil could be contributing to the corrosion seen in some of his pipe samples. This was supported
by the work of Wolzogen Kuhr & van der Vlugt in 1934 examining a range of water pipes in Northern
Holland [45]. They found severe graphitization of cast iron pipes in anaerobic soils which was not
replicated in aerobic soils and this increased graphitization was attributed to the presence of SRBs.
A range of methods were used to identify the potential for MIC across the studies reviewed. Two
studies identified high levels of sulphides in some soils and linked this to a high risk of aggressive
corrosion due to the presence of SRBs [5, 114]. Another in considering the risk of MIC, determined
that the temperature of the soil measured along the pipeline in question was lower than the
optimum temperature for the growth of SRBs and thus the risk was negligible [118]. One study
reviewed suggested a combination of the pit morphology seen along a pipeline and the colour of the
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corrosion product, identified IRBs as contributing to corrosion [86]. Pit morphology as an indication
of MIC is controversial with many authors indicating that the pits formed by biotic corrosion can be
seen in abiotic corrosion under certain conditions as well [20, 60].  Microbial culturing techniques
were used by two studies to determine the presence of bacteria in corrosion product from failing
pipelines and thus the likelihood of MIC on the pipes investigated [115, 119]. This technique can be
of benefit and is more conclusive than analysing the soil chemistry. However, especially where
limited culturing techniques are used, bacterial species that are involved in the corrosion process
might be missed and other species that are not involved but are present in the environment cultured
and identified as contributing to corrosion in error [10]. This is particularly true for soil environments
where it is estimated 99% of the bacteria present cannot be cultured by traditional means.
Molecular microbiology as used by the most recent study is a means to eliminate the bias introduced
by culturing studies [121].
Table 1 reveals a clear gap in external corrosion field studies of water pipelines.  The environmental,
economic and health risks associated with a gas or oil pipeline failure are significantly greater than
those associated with a water pipeline failure and thus more studies of the external corrosion of
these pipelines involving MIC have been conducted.
Table 1: Field based studies of buried water pipelines investigating the corrosion of steel. SRB- sulphur
reducing bacteria; APB- acid producing bacteria; IRB- iron reducing bacteria
Authors Year Pipe
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Given the limited number of field studies of water pipelines that considered MIC as a risk, the review
was broadened to include field studies of gas and oil pipelines (
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Table 2). In 1952, the conditions along gas pipelines in New York state were reported and it was
determined that the most severe corrosion occurred in clay soil with poor aeration, insufficient
drainage and low resistivity [122]. As part of this study the potential for bacteria to be contributing
to corrosion was investigated in detail and their main finding was determined to be due in part to
the higher incidence of SRBs and MIC in those conditions. Interestingly, although this study was
conducted early on in the history of MIC pipeline studies, much was already known about bacteria
and their role in corrosion through studies of other systems. The techniques that were employed to
determine the incidence of MIC and the corrosivity of the soil are common to many of the other
studies found of steel pipelines thought to be exposed to MIC listed in Table 1 and
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Table 2. While the studies along water pipelines use a range of means to determine whether MIC
had or had not played a role in the corrosion of the pipeline/s; the gas and oil pipeline studies
primarily use culturing of soil samples [57, 88, 122-125]. More detailed studies also test the pipeline
in some way, be it for: the presence of sulphides, identifying the presence of iron sulphides through
microscopy [123, 124], or culturing corrosion product for bacteria [124]. Given that many of the
bacterial species studied and attributed to MIC are found naturally in soil, in order to determine
whether they are contributing to increased corrosion of the pipelines further tests are required in
addition to culturing soil samples to identify specific bacteria groups. An example of a more
conclusive approach was undertaken in a study in 2000 where both soil and corrosion product
samples were cultured for SRBs and APBs [124]. Comparing the results of this test it was determined
that MIC did not contribute to the corrosion seen as there were no bacteria cultured from the
corrosion product. However, SRBs and APBs were found in the soil samples and had they only
cultured these samples it is likely that the authors would have come to the opposite conclusion.
It is also interesting to note the groups of bacteria that were investigated. All of the studies, except
for one (Pacelli, 2008), considered MIC as a potential risk or contributing factor to pipeline failure
focussed on SRBs. Several studies considered other types of bacteria, but always in conjunction with
SRBs. It is the risk associated with the presence of SRBs that has led to the focus on the presence of
sulphides in soil as well as considering the aeration of the soil. With time, based on these field
studies, it appears that despite many different bacterial types initially being considered as
potentially contributing to corrosion, the majority of studies over the last two decades have
focussed on the action of SRBs. Given that MIC is known to be more advanced when there are
multiple species present working together in a biofilm [20], this is of some concern and indicates
that the structure of these studies is somewhat limited.
Molecular microbiology is a relatively new field that over the last decade has begun to be employed
in the study of corrosion that enables whole populations of bacteria to be identified limiting the
biases associated with culturing techniques. It also enables more than one type of bacteria to be
easily investigated. With the advent of new, faster and cheaper DNA and RNA sequencing
technologies [126], it is now possible for bacteria and other microorganisms to be identified based
on their molecular structure in a relatively short time period. This technique has been used to
identify microorganisms in rust tubercles in a marine environment [127] and from this associations
drawn between the species present and the potential mechanisms of corrosion. Many further
applications of these techniques are possible within the field of MIC including the study of corrosion
product on the internal surface of potable water pipes [113]. As yet, these applications have not
been utilised widely in the study of corrosion on the external surface of potable water pipes. At least
one study of the potential to apply these techniques to corrosion product found on the outer surface
of water pipes has been conducted [121]. This is a group of techniques that has much potential in
field studies of the external corrosion of pipelines in the future.
19








Kulman [122] 1952 Gas Soil: texture, colour,
aeration, drainage,
resistivity, pH, pipe to
soil potential





















pipe to soil potential.
Pipe: max pit depth
Soil samples cultured




SRB, MPB, IOB, SOB

































Pacelli [125] 2008 Gas Mapped area along a
pipeline with soil
types identifying















2009 Oil/gas Pipe: max pit depth,
age, redox potential,
coating type





Did not consider MIC,
but did look at
sulphates as a
corrosive factor based
























Soil corrosion can have major implications for a range of infrastructure and in recent decades
interest in the mechanisms and rates at which this occurs has led to many laboratory studies being
undertaken [12, 28, 88, 92, 130]. This review has been conducted to bring to light the techniques
that are being used to conduct these studies and to understand the means being used to replicate
soil conditions as experienced by buried infrastructure. All studies included in this review are listed
in Table 3. From the table it is clear that there are several key trends. Firstly, tests are conducted in
soil samples, synthetic soils or solutions. Secondly, corrosion tests are either primarily based on non-
accelerated techniques, such as weight loss testing, or using limited accelerated testing techniques
such as linear polarisation resistance (LPR). Thirdly, when the effects of bacteria are investigated in
these studies either whole communities within the soil samples tested are used or specific species
are cultured and introduced to the study system. Of the 22 studies included in this review, only 11
were MIC studies suggesting that this is still a developing area of science that would benefit from
further research and that there are many contributing factors to soil corrosion being investigated.
Tests using soil samples were conducted with coupons in the ground [13], with soil samples in
recreated conditions outdoors [131] or by taking soil samples into laboratories and using specialised
test cells developed by each research group [28, 57, 88, 92, 130, 132]. Each of these techniques has
limitations, especially when MIC is considered. The study which investigated soil corrosion by
burying samples directly in the ground were only able to conduct weight loss and surface analysis as
they were unable to connect reference electrodes to the coupons [13]. They did not consider MIC. In
tests where soil samples are moved either into a laboratory or to another site, it is difficult to
recreate the conditions experienced by the soil in its original location. Compression of the soil (and
thus the pore sizes) will change as will the moisture levels. This is particularly important for
laboratory studies to consider as both have been highlighted as impacting on corrosion levels by the
field studies reviewed (Table 1 and
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Table 2).
It is interesting to note that all of the studies which used soil samples from the environment in a
laboratory set up used specialised test cells devised by the research groups. Each test cell had
different components, were different sizes and were designed to increase or decrease different
factors. In one case they wanted to do a direct comparison between the corrosion experienced by
steel samples exposed to biotic and abiotic samples [132]. In two separate studies test cells were
designed to control the homogeneity and moisture levels in the soil for the duration of the test [28,
130]. Both studies found that they had difficulties doing this even with the specially designed
systems. Other studies also mentioned the importance of controlling evaporation to maintain
moisture levels, however the moisture levels were not monitored to ensure their methods were
working [92, 133]. In these experiments bacteria were introduced in one of two ways. Cultures of
bacteria were started from the populations in the soil samples and then reintroduced to soil samples
once they had been sterilised [92, 132] or soil samples were assumed to contain bacteria and
compared to sterilised soil samples [57, 88, 133]. In the first instance, the sample is controlled by the
culturing techniques used and the soil sample will be altered by the sterilisation process as it
removes the native microbe populations as well as altering the compaction of the soil. In the second,
it is difficult to determine what bacteria are present and the active species cannot be isolated, so the
results can only show that greater levels of corrosion are occurring without being able to identify a
potential mechanism. It is important to note that in all these studies, it is difficult to replicate results
and gather sufficient data for statistically significant results as every soil sample is unique and thus,
so is the degree and type of corrosion experienced [54]. This is particularly the case with accelerated
corrosion testing techniques, which is partly why so few of the laboratory studies reviewed are
undertaken with these techniques.
Three studies were identified which simulated soil with sand to which water and minerals were
added [9, 12, 134]. None of these experiments looked at MIC, but each of them contributed to
knowledge of the importance of pore structure and spacing on corrosion. Sandy systems can
replicate many features of a soil based system but only those with free flowing water, high oxygen
replenishment and low corrosion rates. They also do not contain any organic matter which is a
significant component of soils [47]. Given that field studies have widely shown that clay based, water
retaining soils are both more aggressive on steel and more prone to supporting microbial life [11,
122, 135] they have limited usefulness in determining the mechanisms of MIC along pipelines.
The third system that has been utilised to study soil corrosion is solutions. A range of solutions and
justifications for the solutions used are evident across the studies. One approach is to make a
solution by adding distilled water to soil samples and sieving out the solid particles [136-139].
Another approach is to add minerals to distilled water to match the mineral levels measured in soil
samples or a hypothetical soil mineral ratio [24, 140-142]. Some studies used solutions designed to
match the groundwater in the area of study, focussing on the groundwater as the corrosive element
of the environment and discounting the potential effects of the soil itself [143, 144]. The final
approach reviewed is to add minerals which support the growth of the bacterial species of interest
and is low in nutrients, as most soil environments are [79]. Each of these approaches contributed to
the body of knowledge of soil corrosion and soil MIC of steel but there are two key limitations.
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Firstly, it has been well established that the pore structure and heterogeneity of soil play a key role
in the proliferation of corrosion of buried infrastructure [2, 9, 26]. Solutions cannot replicate the
physical structure of soils. Secondly, the interaction of microbes with solutions is different to how
they interact in soils and with solid structures [47, 135]. Bacterial cells interact with soil particles in
multiple ways: they adhere to soil particles, especially clay particles as they have a higher affinity for
ions due to their interactions with organic material, and they become entrapped by the pore
structure as bacterial cells are a similar size to clay particles. In solutions, bacterial cells are in
planktonic form, meaning they are single cells dependent on convection of the solution for
movement [20]. Upon coming into contact with a solid surface such as a metal coupon, the bacteria
will settle on the surface and form a biofilm. This is very different to the behaviour of bacteria in
soils which is much more complex and dependent on the soil type, pore size and concentration of
organic matter present [47].
Unlike the soil based studies, microbes used in the solution based studies are either cultured from
soil samples or single species that are commercially available. Studies that use bacteria cultured
from soil samples share the limitations of the soil studies using a similar method in that the species
present are very dependent on the conditions used for culturing. This is highlighted by the
difficulties one study had culturing the bacterial species in a soil sample that were not found when
culturing a bore water sample using the same conditions [79]. The single species studies encounter
the limitation of bacteria interacting with steel differently to how they would within a biofilm as they
are found in natural environments [10]. Single species can be used to determine mechanisms of
corrosion, but this needs to be considered in the context of a biofilm.
Table 3: Laboratory studies of soil and mild steel corrosion, focussing on MIC studies
Authors Year Test
system
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Across the field studies and laboratory studies reviewed, several aspects become apparent.
Moisture, aeration levels and soil type are key factors in the rate of corrosion of steel and all of these
affect how well bacteria flourish and how they contribute to corrosion. These are difficult to
replicate and control in the laboratory with the systems that are commonly in use. Soil samples are
difficult to replicate and require complicated techniques to ensure consistent compaction and
moisture levels. Simulated soils using sand cannot replicate clay based systems which are the soils
with the highest corrosion risk for buried infrastructure, making them impractical as a system for the
study of MIC in soils. Solutions are able to mimic the chemical composition of soils and are the
easiest system to study microbes in but the physical composition of soil is important both for the
propagation of corrosion and the interaction of bacteria with their environment. There is also an
emphasis across all studies on SRB, with many only examining the effects of this single group of
bacteria. Given it is well established that mixed species biofilms are the most aggressive and that
SRB are more corrosive in conjunction with other bacteria types and that many different groups of
bacteria are known to contribute to corrosion, this is a limitation of these studies.
The limitations described above suggest that a new system for the fundamental study of MIC in soils
is needed. A system that is replicable and can mimic the physical and chemical components of soil as
well as allowing various factors such as particle size, moisture levels and oxygen concentration to be
readily controlled would be of great benefit. Gels have previously been investigated as a means of
replicating sewage sludge, using silica and polyacrymalide gels [30, 31]. Corrosion in sewage sludge is
also partially controlled by the physical structure of the sludge, so the authors were investigating
gels to replicate this. Silica and polyacrymalide gels would not be applicable to MIC studies as the
gels would not support the growth of bacteria and could potentially be broken down by some
bacterial species. Agar, a by-product of seaweed widely used in microbiology, has been added to
rock fragments in a previous study investigating the MIC of nuclear waste storage containers [33].
However, the investigation was based on the weight loss technique and did not consider the
electrochemical properties of the gel or use any accelerated electrochemistry techniques. Agar has
also been used for surface MIC studies [34]. Gels are a potential avenue to explore to create a
porous, readily controllable, analogue of soil for fundamental corrosion studies especially those
involving MIC in soil.
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Chapter 3. Experimental Methodology
3.1. Introduction
Key to this thesis is the development of a soil study system that was controllable, incorporated the
physical and chemical characteristics of soil and gave replicable electrochemical results. A review of
the literature of soil corrosion studies in the laboratory indicated that there were two main systems
commonly used for these studies, soil samples taken from sites of interest and solutions. Both of
these systems have significant limitations for fundamental studies of soil corrosion, especially for
MIC studies. Gels using silica and polyacrymalide gels had been used to replicate sewage sludge [30,
31], so the decision was made to investigate gels as a potential analogue for soil. Silica and
polyacrymalide gels are not designed for the support of bacteria cells, so an alternative gelling agent
was sought. Agar was selected as the gelling agent to use to develop an analogue for soil.
Agar is commonly used in microbiology for plating microbial cultures and for a range of identification
and isolation procedures. Agar is thermally stable, becoming soluble in water at 100°C, gelling at
roughly 36°C and is stable to well above 50°C once gelled so it can be used to culture bacteria at a
range of temperatures [145]. In addition agar is not chemically reactive, nor is it commonly degraded
by microbes, making it an ideal gelling agent for microbial plating and testing. The gelation of agar is
due to the agarose units found in agar which form helices due to their hydrophobic nature and the
sulphur and pyruvate polar groups along the base unit backbones [146]. These helices then
aggregate to form the gel. The consistency of the gel is dependent on concentration of agarose, and
the type and concentration of added nutrients. This flexibility in the gel properties of agar make it an
ideal substance to use as the basis for a soil analogue as it can be altered to match the physical
properties of a range of soil types. Agar is also known to have similar dielectric properties to water,
meaning that the ability for current to flow through an agar gel is similar to water [147]. This is
essential for an electrolyte for accelerated corrosion studies.
This thesis reports the development of a methodology to use agar as an analogue for soil and then
tested the capabilities of the agar system by introducing a bacteria species. Through all phases, a
range of electrochemical tests were used to further the understanding of the capabilities of agar as
an electrolyte and to determine the response of carbon steel to agar and the bacteria species
selected. Below are the steps taken across the three experimental phases of this work.
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3.2. Sample preparation
Hot rolled carbon steel sheet, grade HA1, 1 mm thick with composition listed in Table 4 was cut into
25mm by 25mm coupons. HA1 grade carbon steel was selected for the studies as this low carbon
grade steel is commonly used for manufacture of piping designed to carry potable water. Each
sample was ground manually with silicon carbide paper (120G, 180G, 240G, 360G, 400G and 600G)
before being automatically polished using 3 µm and 1 µm diamond paste to finish. Analytical grade
ethanol lubricant was used in the polishing steps and then the samples were rinsed in ethanol and
dried in a warm air stream. An image of the steel surface can be seen in Figure 3.
Table 4: Composition of HA1 steel tested as per the manufacturer's specifications and analysis with















Figure 3: Scanning electron microscopy image of the polished steel surface. Scale bar = 10µm
3.3. Agar preparation
3.3.1. Phase 1: solid agar
This phase investigated the viability of using solid agar to replicate soil based corrosion. Four parts
were adopted for Phase 1. This consisted of the use of a nutrient based agar in part one, while parts
two and three consisted of studies on the effect of pH and oxygen concentration using a non-
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nutrient based agar respectively and part four the use of an alternative seal to control crevice
corrosion.
3.3.1.1. Phase 1 part 1: nutrient agar
Preliminary tests investigated the effect of a commercially available nutrient agar on the
electrochemical performance of HA1 grade carbon steel. The aim was to understand the
performance of solid nutrient agar when compared to buffered salt solutions. Conceptually, nutrient
agar is a very common material on which to culture bacteria and therefore should be a good solid to
encourage the growth of bacteria on a metal surface, thus providing a more realistic replicate soil
environment for MIC studies [30].
Nutrient agar was prepared from Sigma Aldrich nutrient agar powder which was labelled as
containing 15 g/L agar, 5.0 g/L sodium chloride, 5.0 g/L peptone, 2.0 g/L yeast extract and 1.0 g/L
‘Lab-Lemco’ powder(a peptide mix). This has a nominal pH of 7.4 ± 0.2 at 25°C. Seven grams of
nutrient agar powder were mechanically mixed with 250 mL of distilled water on high heat until
boiling (approximately 20 minutes), allowing for full melting of the agar and dissolution of the
nutrients as per the manufacturer’s guidelines. This was then adjusted with 1.0 M sodium hydroxide
and 1.0 M hydrogen chloride to a pH of 8.5 to bring the pH in line with earlier studies conducted in
solutions on the same metal to enable direct comparison of the electrochemical performance of the
steel in nutrient agar to buffered solutions [148]. The oxygen level was not regulated or measured in
this part of the development phase.
3.3.1.2. Phase 1 part 2: pH variation, no nutrients
Following part 1, nutrients were removed from the studies due to high levels of inconsistency
between samples. Agar gelling agent and sodium chloride were mechanically mixed with distilled
water on high heat until boiling, allowing for full dissolution of the powder at a concentration of 15
g/L of agar and 5 g/L of sodium chloride. This was then adjusted with 1.0 M sodium hydroxide and
1.0M hydrogen chloride to the desired pH (8.5 ± 0.1 or 7.0 ± 0.1) to enable the effect of pH on the
stability and replicability of the system to be determined. pH was measured using a Mettler Toledo
SevenGo Duo hand held pH/ conductivity meter (SG23). This pH meter was selected due to its ability
to be safely operated to 100°C. The oxygen level was not regulated or measured in this initial stage
of development.
3.3.1.3. Phase 1 part 3: oxygen variation, no nutrients
Oxygen is an important component in most iron corrosion and thus needs to be tightly regulated
between experimental trials, especially if difficulties in obtaining reproducible results are
experienced [21]. Agar gelling agent and sodium chloride were mechanically mixed with distilled
water on high heat until boiling, allowing for full dissolution of the powder at a concentration of
15 g/L of agar and 5 g/L of sodium chloride. This was then adjusted with 0.1 M sodium hydroxide
and hydrogen chloride to the desired pH (7.0 ± 0.1) based on the findings from part two. In order to
control and vary the oxygen concentration in the agar, nitrogen was bubbled through the liquid agar
(approximately 30 minutes) until a temperature of approximately 60°C was reached and the
dissolved oxygen (DO) level was measured with a handheld Mettler Toledo dissolved oxygen meter
(SevenGo pro SG6) at less than 1.0 mg/L. Nitrogen and/or synthetic air (20% oxygen, 80% nitrogen)
were then bubbled through until the desired DO was achieved. Three different dissolved oxygen
conditions were explored; less than 0.1 mg/L (minimum possible using bubbled nitrogen), 3.0 mg/L
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and 4.8 mg/L (maximum possible using compressed air, bubbled through the gel). All three oxygen
conditions were investigated using the standard Teflon seal.
3.3.1.4. Phase 1 part 4: new seal, oxygen variation, no nutrients
The process of preparing the agar for addition to the electrochemical testing set up was the same as
for part 3. In parts 1 to 3 a Teflon seal was used as the O-ring at the working electrode to ensure a
uniform area of the metal sample is exposed to the electrolyte with minimal interaction with the
outside environment. The Teflon seal was believed to be contributing to extensive crevice corrosion
seen in part three, leading to it being replaced with a Viton O-ring seal in part 4. Oxygen levels of less
than 0.1 mg/L and 4.8 mg/L of dissolved oxygen were investigated with a Viton O-ring material to
determine the influence of the seal type on the corrosion levels seen.
3.3.2. Phase 2: semi-solid agar
Semi-solid agar contains 4 g/L of agar, the concentration used for the Mast motility test in
microbiology as it allows movement of motile bacteria through the gel matrix [149]. Phase 2
contained two parts. The first considers the effect of semi-solid agar on carbon steel with and
without nutrients present. The second is a fundamental examination of the electrochemistry of
semi-solid agar.
3.3.2.1. Phase 2.1: peptide nutrients
Three different nutrient conditions as shown in
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Table 5 were used to continue the investigation into the electrochemical properties of steel exposed
to agar. The first (no nutrients) contained 4 g/L of agar and 5 g/L of sodium chloride which were fully
dissolved when mixed with distilled water via magnetic stirrer on a hot plate for approximately thirty
minutes until just boiling. The second (25 g/L nutrients) contained 25 g/L of Oxoid Nutrient Broth No.
2 (10.0 g/L Lab Lemco powder, 10.0 g/L peptone and 5 g/L sodium chloride) with 4 g/L agar which
was prepared in the same manner. The third (12.5 g/L nutrients) was the same as the second but
with 12.5 g/L of Oxoid Nutrient Broth No 2 instead of 25 g/L and 2.5 g/L sodium chloride added to
keep the concentration of sodium chloride constant at 5 g/L. Once the components were dissolved,
the solutions were then adjusted with 0.1 M sodium hydroxide and 0.1 M hydrochloric acid to the
desired pH (7.0 ± 0.1). Using nitrogen gas bubbled for 30 minutes; the agar was de-aerated and
cooled to below 60°C before the dissolved oxygen (DO) levels were measured with a Mettler Toledo
portable meter and probe.  Air was then bubbled through the solution to bring the DO to maximum
saturation (approximately 5.0 mg/L) as consistent DO was determined to be necessary for
consistency between samples in Phase 1. All samples were set with air bubbled into the flat cell to
ensure that saturated oxygen levels were maintained. The process for preparing semi-solid agar was
based on the optimised process for preparing solid agar but with a lower concentration of agar (4
g/L instead of 15 g/L).
31
Table 5: Concentrations of peptides and sodium chloride added for each set of conditions for Phase 2.1
No nutrients 12.5 g/L nutrients 25 g/L nutrients







3.3.2.2. Phase 2.2: electrochemical properties of semi-solid agar
To prepare semi-solid agar for these experiments the same protocol was followed as for Phase 2.1
for no nutrients agar. However, instead of dissolving the components on a hot plate until boiling, the
4 g/L of agar and 5 g/L of sodium chloride were dissolved in distilled water using a microwave as this
process was more time efficient.
3.3.3. Phase 3: bacteria
Phase 3 introduced bacteria to the semi-solid agar system. A 12.5 g/L nutrient agar mix at pH
7.0 ± 0.1 as per phase 2.1 was made. The solution was autoclaved at 121°C for 15 minutes after pH
adjustment, 0.05g/L of 2,3,5-Triphenyltetrazolium chloride (TTC) was then added to the solution.
TTC is a dye that allows bacterial growth to be visualised and is commonly used in the Mast motility
test [149]. As in Phase 2, the agar was deaerated and then the DO brought to maximum with
compressed air. The control of DO was undertaken under sterile conditions using 0.2 µm filters.
3.4. Bacterial culture
3.4.1. Phase 1: solid agar & phase 2: semi-solid agar
No bacteria were used in these phases, thus this is not applicable to Phase 1 and 2.
3.4.2. Phase 3: bacteria
Gram negative P. fluorescens, strain ATCC49642, was cultured on media made from 25 g/L Nutrient
Broth No.2 with 12 g/L of agar added. The agar was sterilized at 121°C for 15 minutes before being
poured into plates under sterile conditions. P. fluorescens was streaked onto the surface once set
under sterile conditions and incubated at 30°C for 36-48 hours. Following incubation the plates were
stored at 4°C until  required. This species was selected for study because it is readily cultivatable, is
an aerobic bacteria, forms a biofilm in isolation and has been previously implicated in MIC [58,162].
Culture was taken directly from a plate and mixed with sterile distilled water and matched against
MacFarland Equivalence Turbidity Standard no. 4 to give an estimated cell concentration of
12.0x108/mL that was consistent between each experiment. This mixture was swabbed across the
surface of the carbon steel samples which had previously been exposed to UV for 30 minutes. The
samples were allowed to air dry before being attached to the flat cell.
3.5. Electrochemical analysis
A standard three electrode cell was constructed with a 5 cm2 platinised titanium mesh counter
electrode, standard calomel reference electrode and a 1 cm diameter exposed area of test sample as
the working electrode as seen in Figure 4.
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Figure 4: Electrochemical cell arrangement
3.5.1. Phase 1: solid agar
Agar was poured into the cell as a solution and then allowed to set at room temperature (for
approximately one hour) before measuring the OCP for three hours. A Biologic VMP3 potentiostat
was used for all electrochemical measurements. All samples in part 3 and part 4 were set in the
presence of nitrogen gas, excepting the part 4 maximum oxygenated sample which was set in the
presence of compressed air. Following the OCP measurement, a potentiodynamic scan (PDS) was
conducted from -1000 mV vs SCE to 1400 mV vs SCE relative to the OCP at a scan rate of 0.167 mV/s.
All experiments were conducted in at least triplicate at room temperature. PDS and OCP data were
analysed with the software EC-lab, including Tafel extrapolation of the PDS.
3.5.2. Phase 2: semi-solid agar
To limit crevice corrosion a Viton fluoroelastomer O-ring seal was used at the working electrode and
the edges of the seal coated with petroleum jelly.
3.5.2.1. Phase 2.1: peptide nutrients
Agar was poured into the completed cell as a solution and then allowed to set (approximately
2.5 hours) before measuring the OCP for three hours. Following OCP measurement, two series of
PDS were conducted, one from -1000 mV to 1400 mV relative to the OCP and another from OCP to 0
mV vs SCE to compare the anodic region with and without a preceding cathodic scan. A scan rate of
0.167 mV/s was used for both scans. In addition potential hold experiments were conducted and
measurements taken at two potentials, namely, -600 mV vs SCE and -450 mV vs SCE for 48 hours
following a 2.5 hour setting period. The experimental regime is listed in Table 6. Triplicate scans
were conducted for all conditions and averaged for analysis.
Table 6: Experimental testing regime
Nutrient
concentration
PDS  (-1000 mV to
1400 mV vs OCP)
Anodic scan (OCP
to 0 mV vs SCE)
PH at -600 mV vs
SCE
PH at -450 mV vs
SCE
No nutrients 3 hr OCP 3 hr OCP No OCP No OCP
12.5 g/L 3 hr OCP 3 hr OCP No OCP No OCP
25 g/L 3 hr OCP 3 hr OCP No OCP No OCP
3.5.2.2. Phase 2.2: electrochemical properties of semi-solid agar
Two sets of electrochemical experiments were conducted. Initially a platinum (Pt) counter electrode
and Pt working electrode were used to investigate the electrochemical stability of semi-solid agar
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using the same cell as in Phase 2.1, but with a platinum mesh working electrode (Figure 5). Cyclic
voltammetry at room temperature from OCP to 1600 mV vs OCP down to -1200 mV vs OCP and back
to OCP was performed following a three hour OCP measurement with three different reference
electrodes (SCE, Ag wire, Ag|AgCl) to determine if there were any inconsistencies [95].
Figure 5: Experimental set up for cyclic voltammetry experiment in an inert setting with Pt counter
electrode vs Pt working electrode
In the second set of experiments to determine the electrochemical properties of semi-solid agar, the
Pt mesh working electrode was replaced with a steel coupon as for the other experimental phases
(see Figure 4). Cyclic voltammetry over the same range was performed. Following this a second
experiment was conducted on the Pt-steel system whereby upon setting EIS was performed
followed by a 3 hr OCP, a second EIS cycle, then an anodic scan from OCP to 1200 mV vs OCP and a
third EIS cycle. This series was followed by a 10 minute OCP, an anodic scan and EIS. This last series
was repeated three times, with a total of seven EIS cycles conducted. EIS was scanned from 1 MHz to
20 mHz with a sinus amplitude of ±50 mV vs Eoc with three measurements per frequency for all tests.
Here the aim of the experiment was to examine how additional anodic scanning altered the steel
surface and how corrosivity of the system was altered. All experiments were conducted at room
temperature.
The full sequence of the experiments on the Pt- steel system is as follows:


















3.5.3. Phase 3: bacteria
Agar  was  poured  into  the  completed  cell  as  a  solution  at  30°C  and  then  allowed  to  set
(approximately two and a half hours) before a combination of electrochemical tests were conducted
as outlined in
Table 7. These experiments were conducted in a sealed incubator at 26°C. EIS across a frequency
range  of  1  MHz  to  20  mHz  with  a  sinus  amplitude  of  ±50  mV  vs  OCP  was  conducted  with  three
measurements per frequency. EIS was conducted three times for each experimental run;
immediately after the agar had set, after OCP measurements had been taken and after either a
potential  hold  or  PDS.  OCP  was  measured  for  three,  twenty-four  or  forty-eight  hours.  PDS  were
conducted between ±400 mV vs  SCE relative  to  OCP at  a  scan rate  of  0.167 mV/s.  This  range was
chosen to reflect the safe working window for electrochemical experiments for semi-solid agar
determined in Phase 2.2. Potential holds measured the current response with time at -600 mV vs
SCE over 48 hours. Triplicate scans were conducted under all conditions. Tafel plots taken from the
PDS were used to determine the corrosion potential and corrosion currents for each experiment.
Following electrochemical testing, the flat cells were deconstructed and the migration of bacteria
and corrosion product identified. This was possible due to the addition of TTC in the agar. TTC is a
dye  that  allows  bacterial  growth  to  be  visualised  and  is  commonly  used  in  the  Mast  motility  test
[149].
Table 7: Electrochemical test schedule for Phase 3
Experiment 1 2 3 4 5 6
EIS Yes Yes Yes None Yes Yes
OCP 3 hours 24 hours 48 hours None 24 hours 48 hours
EIS Yes Yes Yes None Yes Yes
PH/PDS PDS PDS PDS PH PH PH
EIS Yes Yes Yes None Yes Yes
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3.6. Film property calculations
3.6.1. Phase 1: solid agar & phase 2: semi-solid agar
No bacteria were used in these phases, thus this is not applicable to Phase 1 and 2.
3.6.2. Phase 3: bacteria
Calculations were made to determine the approximate film thickness, conductivity and capacitance
of the oxide film and/or biofilm on the metal surface following the OCP based on the second EIS scan
conducted in Phase 3 [150, 151]. This was to further understand the effect of film development time
and the presence of bacteria on the working electrode interface with the semi-solid agar and thus
how this would affect any corrosion occurring.
Values determined were:
· Polarisation resistance (Ω): R is based on the projected diameter of the curves as shown in
the Nyquist plot
· Conductivity (S/m): σ=l/R where l= the length between the working and counter electrodes
· Capacitance (F): C= 1/(R.2π.fo) where fo=frequency measured at the maximum impedance
for the curve
· Film thickness (nm): di=(εεo)/C where ε=76.6 Fcm-1 [147], εo=8.854*10-14 Fcm-1 [152]
3.7. Surface analysis
3.8. Phase 1: solid agar & phase 2: semi-solid agar
Surface analysis of the steel samples after electrochemical testing was conducted with optical
microscopy and scanning electron microscopy (SEM). Following potentiodynamic scanning, the
samples were removed from the flat cell and rinsed in ethanol to dislodge any remaining agar. They
were then examined under a low magnification Olympus DP71 optical microscope before being
analysed via SEM. A FEI Quanta 200 Environmental SEM was used in high vacuum mode at 30.0 kV.
Energy dispersive x-ray spectroscopy (EDX) at 15.0 kV was used to analyse the elements present on
the surface under the different conditions.
3.9. Phase 3: bacteria
Samples were examined using SEM with and without biofilms on the steel surface. To enable the
biofilm to be examined, the samples were removed from the flat cell with agar remaining on the
surface and fixed in 2% glutaraldehyde for three hours. They were then rinsed in phosphate buffered
solution (PBS) and further fixed in 1% OsO4 for 30 minutes. Following this they were rinsed in PBS
twice before being dehydrated by ethanol series starting at 50% ethanol, then 70%, 90% and 100%x2
each for 15 minutes. The samples were then chemically dried in HMDS (hexamethyldisilazane)
solution for three minutes before the excess vapors were allowed to air dry. After drying the steel
coupons were mounted on stubs and sputter coated with gold for 60 seconds. An alternative set of
samples were rinsed in ethanol after removal from the flat cell so that the surface could be
examined with SEM without biofilm present. All samples were examined at 30kV.
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Chapter 4. Phase 1 Results: Solid Agar
This chapter discusses the initial steps taken, particularly the preliminary results attained in the
development of a replicable analogue for soil for electrochemical studies of MIC. In these
preliminary studies solid agar, which contains an agar concentration of 15 g/L, was used as an
electrolyte in a flat cell for the electrochemical investigations. The electrochemical response of
carbon steel to variations in oxygen levels and pH of the solid agar was examined. The principal aim
was to determine the conditions required to obtain concordant results when carbon steel is exposed
to agar and accelerated electrochemical tests are conducted.
4.1. Part 1: nutrient agar
The PDS for the initial condition of three samples of HA1 steel exposed to nutrient rich agar gel
(depicted as NA.S1, NA.S2 and NA.S3 respectively) are shown in Figure 6. While relatively consistent
OCPs for each of the samples were obtained after three hours (-556 ± 31 mV vs SCE), considerably
different corrosion potential (Ecorr) values were obtained across the three samples immediately
following on from the OCP. The shape of the polarisation curves was also significantly diverse which
is reflected in the corrosion rate values, calculated from Tafel extrapolation, which ranged from
0.002 µA/cm2 to 0.832 µA/cm2 as displayed in Table 8. During potentiodynamic scanning the OCP
was cathodically shifted to an Ecorr of -775 mV vs SCE for NA.S1, -1079 mV vs SCE for NA.S2 and -875
mV vs SCE for NA.S3. In addition no cathodic arm was seen for NA.S2; and NA.S1 and S3 were
terminated by the potentiostat before the full potential range requested had been scanned, most
likely due to the rate of change of current being below the minimum specified or the current being
below the threshold value of the potentiostat.
Table 8: Tafel extrapolation values for solid agar samples with nutrients at a pH of 8.5




Average -910 ± 155 0.357 ± 0.428
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Figure 6: Potential vs current of solid agar samples with nutrients at a pH of 8.5
The inconsistency in the scans, as demonstrated by the variation in corrosion potential and corrosion
rate values calculated, was initially attributed to the general presence of nutrients in the agar.
Nutrients, in particular yeast extract, had been previously associated with such inconsistencies
though the mechanism of this is unknown [20, 65]. There is some understanding in the literature
that anions other than chloride including carbonate, sulphate and nitrate can act as pH buffers on a
metal surface at pit initiation points reducing the incidence of localised corrosion. In a commercial
batch of nutrient agar there is the possibility of inconsistent concentrations of various nutrients
being found in the made up agar which could impact on their electrochemical performance. Based
on this prior research and the hypothesis that nutrient levels are an important factor in determining
the consistency of anodic and cathodic behaviour of the steel exposed to agar, nutrients were then
removed from the investigation of the effects of agar on steel for parts 2 to 4 of this study. Emphasis
then shifted to optimising other factors in the experimental set up that could be affecting the
consistency of the anodic and cathodic scans. These include pH variation, oxygen levels and O-ring
seal material.
4.2. Part 2: pH variation
The environment used in part 2 of the study was the same as that used in part 1 (identical chloride
concentrations to ensure consistent corrosion initiation), except with nutrients removed, as detailed
in 3.3.1.2. All polarisation curves attained at pH of 8.5 are shown in Figure 7.  All tests were repeated
in triplicate and referred to as pH8.S1 to S3. For all three samples relatively consistent polarisation
curves were obtained when compared to the nutrient agar samples. Cathodic shifting has occurred
in pH8.S2 and pH8.S3 with the corrosion potentials seen in Figure 7, -910 mV vs SCE and -841 mV vs
SCE respectively, being more negative than the OCPs measured for these conditions which averaged
709 ± 21 mV vs SCE. The corrosion potential of pH8.S1 appears to have shifted anodically from the
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OCP to -660 mV vs SCE, suggesting that the thermodynamic drive for corrosion to occur has lessened
under the influence of the PDS. While the shape of the curves is similar and the anodic and cathodic
arms are consistent at the ends of the potential spectrum, they are considerably different around
the corrosion potential region. Tafel extrapolation shows large variation in corrosion potential values
shown in Table 9 with a standard deviation across the three samples of 129 mV. Corrosion rates
showed some variation across the three samples, though unlike the samples exposed to nutrients
they were all within the same order of magnitude. This supports the PDS becoming more consistent
with the elimination of nutrients and the concentration of sodium chloride remaining constant.
Table 9: Tafel extrapolation values for solid agar samples without nutrients at a pH of 8.5




Average -804 ± 129 0.044 ± 0.029
Figure 7: Potential vs current of samples exposed to solid agar without nutrients at a pH of 8.5
Improved consistency in the nature and shape of the anodic and cathodic polarisation curves was
observed with removal of nutrients, although significant variation in corrosion potential was still
seen between samples, as for the polarisation scans conducted with nutrients present. As a range of
pHs can be found in soil, a comparison in pH was investigated with a sample set being undertaken at
a pH of 7. At a pH of 7 with no nutrients present in the agar as seen in Figure 8, more variation
between samples was seen in both the anodic and cathodic arms than at a pH of 8.5. Here, the
experiment was repeated four times and these are referred to as pH7.S1 to S4. Increased
consistency was observed in corrosion potentials at a pH of 7, when compared with those obtained
at a pH of 8.5, with the variation across the four samples shown in Table 10. Comparatively, there
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was decreased consistency in corrosion rates measured for the samples obtained at a pH of 7 versus
those obtained at a pH of 8.5. Larger passive regions were also seen with both pH7.S2 and pH7.S4
exhibiting clear passivation characteristics with definitive pitting potentials. Cathodic shifting was
less pronounced at a pH of 7 with an average OCP of -728 ± 51 mV vs SCE measured over time, which
is similar to the average corrosion potential measured of -746 ± 101.
Table 10: Tafel extrapolation values for solid agar samples without nutrients at a pH of 7.0





Average -746 ± 101 0.070 ±0.053
Figure 8: Potential vs current of samples exposed to solid agar without nutrients at a pH of 7.0
4.3. Part 3: oxygen control
The results from part 2 revealed that pH appeared to have a limited effect on increasing consistency
between samples. There was no control of the oxygen levels dispersed through the gel for the two
parts discussed to this point. Given that agar is boiled to dissolve its components, a range of oxygen
concentrations could have been introduced into the solutions before the agar solidified. Oxygen
control is hypothesised to have contributed to the differences around the Ecorr region in the samples
under each of the conditions and to have led to the variation in cathodic shifting between samples.
This is supported by the finding in silica gel systems that the gel provides cathodic protection by
restricting the access of oxygen to the steel surface [32].  Oxygen concentration appeared to have a
significant effect on consistency between samples. Each experiment was repeated in triplicate
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(referred to as runs S1 to S3) with the three oxygen conditions referred to as DO max (4.8 mg/L)
DO 3 (3.0 mg/L ) and DO min (less than 0.1 mg/L).
At 4.8 mg/L of dissolved oxygen (DO) in agar, the scans followed the shape commonly seen in
solutions for cathodic-anodic curves of mild steel [38], though there was variation between all three,
particularly in the anodic arms as shown in Figure 9. Some similarity was seen in the corrosion
potential values and the approximate corrosion rate. Measuring potential against time, the average
OCP was -721 ± 25 mV vs SCE. Comparing the OCP measured to the corrosion potentials listed in
Table 11 which averaged -544 ± 56 mV vs SCE with the lowest recorded being DO max.S3 at -607 mV
vs SCE, this suggests that under this set of conditions there has been no cathodic shifting, instead the
potential has shifted in the anodic direction. Corrosion rates varied across one order of magnitude
with DO max.S1 at 0.161 µA and DO max.S2 and DO max.S3 much closer in value at 0.078 µA and
0.057 µA respectively.
Table 11: Tafel extrapolation values for samples exposed to solid agar without nutrients at a pH of 7.0
and dissolved oxygen content of 4.8 mg/L
Sample Ecorr (mV vs SCE) icorr (µA cm-2)
DO max.S1 -498 0.161
DO max.S2 -527 0.078
DO max.S3 -607 0.057
Average -544 ± 56 0.099±0.055
Figure 9: Potential vs current of samples exposed to solid agar without nutrients at a pH of 7.0 and
dissolved oxygen content of 4.8mg/L
The dissolved oxygen was then reduced to 3.0 mg/L of DO in agar where it was expected a lower
corrosion rate would occur with fewer oxygen bubbles on the metal surface. All of the scans at
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3.0 mg/L resulted in non-traditional anodic/cathodic curves, as shown in Figure 10. It is impossible to
estimate the corrosion potential or current from these curves, though an OCP was measured
at -731 ± 18 mV vs SCE. It was hypothesised that this effect was seen because the current produced
under these conditions was too low to be measured by the potentiostat resulting in a short circuit in
the system. An alternative hypothesis was that the conductivity of the agar was lower at this
dissolved oxygen content, giving a higher resistivity and thus resistance across the same area which
reduces the potential drop at the metal/gel interface. This reduction in potential drop leads to very
low electrochemical activity at the interface and a low overall current flow.
Figure 10: Potential vs current of samples exposed to solid agar without nutrients at a pH of 7.0 and
dissolved oxygen content of 3.0 mg/L
Based on the results seen at 3.0 mg/L it was hypothesised that at lower again dissolved oxygen
concentrations the same effect would occur, as the driving factors for pitting corrosion should be
further lessened as there would be fewer oxygen bubbles trapped at the surface and thus less of an
oxygen gradient. When the dissolved oxygen concentration was reduced to less than 0.1 mg/L with a
standard Teflon O-ring, contrary to the hypothesis based on the results at 3.0 mg/L, relatively
consistent PDS were seen between the three samples shown in Figure 11. Similar corrosion potential
and corrosion current values were seen for each sample, as shown in Table 12, with some variation
seen in the extended regions of the cathodic and anodic arms. An average OCP of -754 ± 5 mV vs SCE
was measured over time which is higher than the corrosion potentials measured, indicating some
degree of cathodic shifting taking place during the PDS. Across the three oxygen conditions the OCPs
were similar with a slight trend for more negative potentials with decreasing oxygen content. At
maximum dissolved oxygen OCP was -721 ± 25 mV vs SCE, which decreased slightly to -731 ± 18 mV
vs SCE at a dissolved oxygen concentration of 3.0 mg/L and there was a further slight decrease at
minimum dissolved oxygen to -754 ± 5 mV vs SCE. This drop was accompanied by an increase in
consistency between samples.
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Table 12: Tafel extrapolation values for samples exposed to solid agar without nutrients at a pH of 7.0
and dissolved oxygen content of <0.1 mg/L
Sample Ecorr (mV vs SCE) icorr (µA cm-2)
DO min.S1 -802 0.096
DO min.S2 -905 0.059
DO min.S3 -882 0.071
Average -863 ± 54 0.075±0.019
Figure 11: Potential vs current of samples exposed to solid agar without nutrients at a pH of 7.0 and
dissolved oxygen content of <0.1mg/L
4.4. Discussion on the effects of DO
The effect of dissolved oxygen (DO) on the observed PDS can be explained as follows.  In order for an
electrochemical cell to operate, current within the cell must flow in a loop from the counter
electrode to the working electrode [153]. Depending on the resistance of the electrolyte, voltage
and thus current are lost across the cell. Where the resistance of the electrolyte is high, this loss of
current or voltage, known as the iR drop, is also high and can impact significantly on results. In the
solid agar with minimal connecting pathways there is the possibility that this drop could be high as
movement of ions and thus current is restricted. However if there are pores present these can act as
a pathway for the flow of current reducing the resistance of the electrolyte. As issues with
insufficient current detection resulting in short circuiting of the system were only seen with a
dissolved oxygen concentration of 3.0 mg/L, the possibility exists that the pathways between the
working and counter electrode in this situation were reduced as there was neither maximum
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exposure to air nor nitrogen. Based on the measurement of conductivity under three different
dissolved oxygen concentrations as listed in Table 13, there was no significant difference in
conductivity between oxygen concentrations though there was a slight trend in decreasing
conductivity with decreasing dissolved oxygen level. Conductivity was measured with a handheld
Mettler Toledo conductivity/ pH meter (SevenGo Duo SG23). The lack of significant difference
suggests that the iR drop is similar in all situations and that at a dissolved oxygen concentration of
3.0 mg/L the current produced by the corrosion was too low to be detected, not that the potential
drop was significantly lower, thus leading to lower electrochemical measurements.
Table 13: Conductivity measurements for solid agar under three dissolved oxygen concentrations





Figure 13 shows optical micrographs for each of the three oxygen conditions after scanning.  Analysis
of these images suggest a change in corrosion mechanism with decreasing oxygen content giving rise
to the unexpected potential vs current plots at a dissolved oxygen content of <0.1 mg/L. At 4.8 mg/L
there is pitting occurring on the surface with some regions of more general corrosion and some
crevice corrosion around the edge of the circular exposed area of the surface. With a decrease in
dissolved oxygen content to 3.0 mg/L, there is visual evidence of pitting alone occurring in the centre
of the exposed area. As the dissolved oxygen is decreased further to less than 0.1 mg/L, the
micrograph shows no evidence of pitting in the centre of the exposed area, but several pits at the
edge of the area of steel exposed to agar. There is also crevicing along one edge of the exposed area.
The initial hypothesis of why there was no current detected for the 3.0 mg/L samples was based on
the assumption that pitting was the main mechanism of corrosion and at very low dissolved oxygen
content where there would be very little drive for pitting to occur; there would be insufficient
corrosion to produce detectable current Figure 12c confirms that there was no pitting on the bulk
surface of the sample exposed to agar with dissolved oxygen content less than 0.1 mg/L but that
there was crevice corrosion. As crevicing was the only visible corrosion it was therefore assumed to
be the only possible source of a detectable current. This also suggests that if only pitting were
occurring, the current would be insufficient to be detected, as was the case for a DO of 3.0 mg/L
(refer Figure 10 and Figure 12b). The optical micrograph of the sample exposed to a DO of 4.8 mg/L
(refer Figure 12a) depicts pits as well as some crevice corrosion on the surface. Oxygen bubbles on
the surface are believed to be forming oxygen gradients leading to pitting and thus creating
sufficient corrosion in conjunction with some crevice corrosion to produce current as the potential is
increased. Such findings and observations highlight the importance of using both potentiodynamic
scanning data and observations from the optical microscopy work. Both techniques provide a
detailed understanding of the different corrosion mechanisms which occur as a result of the
interactions between solid agar, of differing oxygen concentrations, with mild steel.
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Figure 12: Optical micrographs of sample surfaces after potentiodynamic scanning with dissolved oxygen
conditions of a) 4.8 mg/L b) 3.0 mg/L and c) <0.1 mg/L. Scale bar = 2.0 mm
Differential aeration is the principal driver for crevice corrosion to occur [39] and as such it is often
found at the edge of exposed steel regions when utilizing flat cells of the design used here. When
the oxygen conditions are constant between trials, crevice corrosion can be discounted as it will be
similar between each sample. However, with changes in oxygen concentration the relative
contribution of crevicing to overall corrosion is altered and therefore becomes significant when
comparing results for different DO levels. When there is little or no oxygen dissolved in the agar and
air surrounding the flat cell as for less than 0.1 mg/L, a driving force for oxygen diffusion under the
seal is present. This also occurs, to a lesser extent, when there is a higher oxygen concentration in
the agar than in the surrounding air as for the 4.8 mg/L samples. Where there is an oxygen gradient
across the rigid seal, it initiates the movement of oxygen and electrolytes from the agar under the
seal. The interaction of oxygen and electrolytes on select regions of the steel surface leads to
corrosion which is propagated as the space under the seal increases in size. The lack of crevice
corrosion visible for the samples with 3.0 mg/L DO as seen in Figure 12b, coupled with the
undetectable current levels produced suggest that the oxygen levels on both sides of the seal were
even, so that there was no driving force for oxygen diffusion. An incomplete seal between the Teflon
O-ring and steel surface is evident by the crevice corrosion occurring and the clear regions of
corrosion initiation as seen in Figure 12a and Figure 12c. This source of misleading results needs to
be eliminated or countered for before a reliable agar based system for the replication of soil can be
produced.
4.5. Part 4: use of Viton seal
To minimise the crevice corrosion occurring due to the setup of the flat cells being used, the Teflon
O-ring was replaced with a Viton seal in conjunction with petroleum jelly to ensure a quality seal
between the steel sample and the O-ring. Viton is a synthetic elastomer with a higher level of
elasticity than Teflon which is a thermoplastic. Due to the higher elasticity in Viton it is able to be
compressed to a greater degree reducing the likelihood of gaps between the metal surface and the
seal.
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Table 14: Tafel extrapolation values for samples exposed to solid agar without nutrients at a pH of 7.0
and dissolved oxygen content of 4.8 mg/L with a Viton seal
Sample Ecorr (mV vs SCE) icorr (µA)
VS max.S1 -951 1.002
VS max.S2 -1011 0.203
VS max.S3 -1004 0.453
Average -989 ± 33 0.553±0.409
Figure 13: Potential vs current of samples exposed to solid agar without nutrients at a pH of 7.0 and
dissolved oxygen content of 4.8 mg/L with a Viton seal
Polarisation curves for carbon steel exposed to solid agar in an oxygenated environment sealed with
the Viton O-ring are shown in Figure 13. Each scan was conducted under the same conditions. Scans
are inconsistent in the anodic region with VS max.S1 and S3 showing multiple passivation regions
whereas VS max.S2 has one passivation region and a higher pitting potential. The cathodic region is
similar for each sample with an average corrosion potential of -989 ± 33 mV vs SCE. The corrosion
potential of all three samples has moved in the cathodic direction 300 mV from the average OCP of
738 ± 5 mV vs SCE. Corrosion rates varied over one order of magnitude from 0.207 µA for VS max.S2
to 1.002 µA for VS max.S1.
Table 15: Tafel extrapolation values for samples exposed to solid agar without nutrients at a pH of 7.0
and dissolved oxygen content of <0.1 mg/L with a Viton seal
Sample Ecorr (mV vs SCE) icorr (µA)
VS min.S1 -991 0.475
VS min.S2 -927 0.247
VS min.S3 -980 0.582
Average -966 ± 34 0.435±0.171
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Figure 14: Potential vs current of samples exposed to solid agar without nutrients at a pH of 7.0 and
dissolved oxygen content of <0.1 mg/L with a Viton seal
Reducing the dissolved oxygen concentration to less than 0.1 mg/L in the agar with a Viton seal gave
rise to the most consistent results to date were seen. As seen in Figure 14 there was some disparity
in the cathodic region. However, there was a high level of consistency at the corrosion potential
region (standard deviation between samples of 34 mV for the corrosion potentials measured) and in
the anodic region, especially between VS min.S1 and S3. The inconsistency in the cathodic region of
the three samples is reflected in a similar level of variation of the icorr values which, though all in the
same order of magnitude, showed a standard deviation of 0.171 µA as indicated in Table 15. Several
clear trends can be seen. There are multiple passivation regions evident suggesting the formation of
an unstable passive layer. A clear transpassive potential can be seen between -350 and -300 mV vs
SCE, for all samples. In addition, cathodic shifting has occurred with the corrosion potential for all
three samples ranging between -927 and -991 mV vs SCE as compared with an average OCP of 733 ±
28 mV vs SCE.
The shape of the PDS (Figure 14) for the minimum oxygen samples with a Viton seal are uncommon
when compared to solution experiments [24] with the two passivation regions in the anodic section
suggesting the formation of an unstable passive film which is then partially broken down and then
reforms. In Figure 13 VS max.S1 and VS max.S3 are seen to have a similar shape to the VS min
samples, with the passivation regions beginning and ending at similar potentials. In solution, PDS of
steel showing passivating characteristics are similar in form to VS max.S2 which has one passivation
region and then plateaus into a pitting potential [38]. The extra passivation region in the bulk of the
samples is potentially due to the agar increasing the contact of corrosion products with the steel
sample and thus the influence of these products on the corrosion rate. Under atmospheric or
solution conditions, iron oxides normally form a weak protective layer which are prone to cracking
and spalling, particularly over a short period of time [42]. This leads to the corrosion products falling
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away into solution or surrounds of the metal whereas in solid agar they are unable to migrate from
the corroding surface.
Figure 15: Optical micrographs post potentiodynamic scans for samples with a Viton seal exposed to agar
with a dissolved oxygen concentration of a) 4.8mg/L and b) <0.1mg/L. Lines visible on the images are due
to the whole surface not being able to be viewed under the microscope at this magnification.
The optical micrographs presented in Figure 15 show that with a Viton seal in combination with
Vaseline as a sealant there was no evidence of crevice corrosion either when the steel was exposed
to agar with a dissolved oxygen concentration of (a) 4.8 mg/L or (b) less than 0.1 mg/L. There is some
evidence of pitting corrosion on the surfaces, but the majority of the corrosion seen is general, with
more of the surface corroded under maximum DO levels than minimum DO. Regions of non-
corroded steel exposed to agar under both DO conditions are apparent.
4.6. Detailed discussion of Phase 1 results
The OCP measured against time for all the samples with no nutrients, across changing pH values and
oxygen concentrations, were reasonably similar, being within 50 mV of one another. A comparison
with the samples from part 1 with nutrients present shows that they had an OCP approximately 150
mV more positive, suggesting that the presence of nutrients decreases the driving force for
corrosion to occur. This could be due to anions in the nutrients other than chlorides competing with
the chlorides for access to the metal surface and acting as a form of inhibitor [20].
A higher degree of consistency was seen in the cathodic arm of the PDS than the anodic arm for the
majority of the conditions studied. This combined with the negative shift in corrosion potential from
OCP for the bulk of samples indicates that the reactions are cathodically controlled and the surface is
being altered by the cathodic reaction in such a way that the anodic reaction is affected. It is possible
that mechanisms such as cathodic cleaning may exist under these circumstances which lower the
corrosion potential values during potentiodynamic scanning [154]. There is also some evidence
suggesting that cathodic cleaning impacts on the anodic curve and introduces a second maximum
anodic current peak [155]. It is for this reason that most corrosion studies run anodic and cathodic
scans separately and then combine the results for a holistic understanding of their system [156]. This
approach is impossible with the solidly setting agar as there is no way of ensuring that the
environment would be near identical between the anodic and cathodic scans.
The incorporation of a Viton seal was a strategy adopted to eliminate crevice corrosion.  This was
successful, but variability was still noticeable in the anodic curves of all samples across all conditions
investigated. At each stage of these preliminary experiments, changes were made to the system to
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minimise this effect as it became clear that the control of oxygen concentration in the agar, and
specifically at the surface of the working electrode, was essential to obtain reproducible results. This
was most evident when there was maximum oxygen content agar with a Viton seal. Here, different
numbers and sizes of passivation regions were seen in the anodic curve, suggesting that, under the
same conditions, differences in the formation of, and mechanisms associated with, passivation
regions exist. The pitting potential was also different for all samples. It should be noted that the
anodic sweep was conducted after a complete cathodic sweep. So that what is seen as an anodic
effect is in fact more likely to result from a combined effect. In order to understand these effects,
the following hypothesis is proposed.
Once solid agar sets it has very limited permeability. The variation in oxygen distribution between
samples cannot be controlled, because the number of oxygen bubbles varies as they settle on the
metal surface while the agar is setting. With different amounts of oxygen at the surface during the
cathodic reaction different amounts of hydroxide ions are produced. Thus when the anodic reaction
is commenced there is a change in the number of available hydroxide ions for the secondary anodic
reaction of Fe(II) (Fe(OH)2) to Fe(III) (Fe(OH)3), depending on the initial number of settled oxygen
bubbles.
In the instance where there is a limited amount of oxygen present at the surface, less hydroxide ions
are available at the start of the anodic process. So as Fe(II) is produced, water is broken down into
hydroxide and hydrogen ions. Due to the solid agar creating small, isolated pockets of solution
where these reactions are taking place, the hydrogen ions cause localised acidification which leads
to pitting. Where more oxygen is present and a higher concentration of hydroxide ions are produced
during the cathodic scan, a more protective passive film is able to form than when lower
concentrations of hydrogen ions are produced. This means pitting occurs at higher potentials and
the film does not break down and then reform. In samples with minimum oxygen, there is lower
variation in oxygen bubbles at the surface as there is so little oxygen to get trapped in different parts
of the bulk electrolyte, giving increased replication under the same conditions between samples.
A definite difference was seen in the PDS and optical micrographs of the samples sealed with the
Teflon seal compared with those sealed with the Viton seal. Under the Teflon seal it was evident that
where there was only pitting occurring as was the case when the dissolved oxygen content was at
3.0 mg/L, no current was being detected. Thus it can be asserted that pitting makes no detectable
contribution to the observed corrosion rate. This is supported by the two oxygen conditions where
there was significant crevice corrosion occurring having similar corrosion rate values, as seen in
Table 11 and Table 12. Given that the crevice corrosion is producing sufficient current to be
detected, it is hypothesised to be occurring at a high enough rate to have a protective effect on the
bulk of the exposed surface. Comparatively, when sealed with a Viton O-ring, the exposed surface
undergoes general corrosion which results in corrosion rates of higher magnitude. Examining the
optical micrographs in Figure 15 suggests that this general corrosion is primarily superficial.
However, the nature of general corrosion is such that more current is produced when distributed
across the whole exposed surface, as compared to crevice corrosion where the bulk of the oxygen is
consumed in those geographically limited reactions. This reduces the corrosion rate confirming that
the level of available oxygen to the bulk of the exposed surface has a significant effect on the
electrochemical processes that occur.
49
Control of oxygen at the steel surface is difficult in solid agar as seen by the difference in PDS with a
maximum oxygen level maintained even after replacing the seal and removing the crevicing issue. At
minimal oxygen levels, replicable curves are obtainable highlighting the importance of replicable
oxygen concentrations at the steel surface. The inability to obtain consistent oxygen concentrations
at the steel surface with higher dissolved oxygen levels in the solid agar suggests a significant
limitation to solid agar as an electrolyte for electrochemical studies of aerobic environments. This
inconsistency, also reflected in the corrosion rate values between each sample, demonstrates that
the agar is restricting the availability and diffusion of oxygen to the metal surface so that in some
cases even under maximum oxygen conditions in the bulk of the agar, very limited amounts of
oxygen are available for cathodic reactions. Much of the difficulty associated with using solid agar as
an electrolyte is due to the very limited permeability of the gel once it has set. Oxygen and other
gases are unable to diffuse through the gel resulting in variation in gas levels at the metal surface
between samples depending on how much gas was at the surface when it cooled sufficiently to stop
permeation. Other ions such as chlorides and nutrients are also unable to diffuse through the gel.
This, combined with the lack of pores and liquid flow through solid agar, makes it an unsuitable
analogue for soil. Triple phase boundary zones form on metal surfaces in soil between the metal,
liquids, gases and the soil particles which are intrinsic to corrosion and corrosion rates in this
environment [28]. Soil by its very nature is porous and allows the dispersion of gases and nutrients
through the flow of water through pores [14]. This structure, which mixes solid particles in close
proximity to small volumes of liquid, also encourages the formation of biofilms and it is this which
needs to be more accurately replicated in the laboratory to better enable the study of MIC in soils.
Solid agar also has the disadvantage of not being readily permeable to motile bacteria.
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Chapter 5. Phase 2 Results: Semi-Solid Agar
Phase 1 determined that solid agar was an inappropriate system as a soil analogue for
electrochemical testing in an oxygenated environment. One of the key motivations for developing an
agar based analogue for soil is a system that is controllable and gives replicable results. In this
chapter semi-solid agar is investigated as an analogue for soil. This Phase is divided into two
sections. The first examines the interactions of semi-solid agar with steel and the influence of
peptide based nutrients. The second is a fundamental examination of the electrochemical behaviour
of semi-solid agar and its influence on steel corrosion.
5.1. Phase 2.1: peptide nutrients
As discussed in section 2.1.4, when designing a system for studying MIC of carbon steel, it is
important to understand the effects of a given nutrient electrolyte system on corrosion of the metal
being studied without bacteria present. This phase investigated the electrochemical effects of semi-
solid agar with and without peptide based nutrients on HA1 steel using OCP measurements and PDS
as adopted in Phase 1. In addition anodic scan and potential hold measurements were performed. A
number of different concentrations of nutrients were investigated to clarify whether this would have
an effect on the corrosion of mild steel. The findings from this experimental phase, in regards to the
effects of peptide nutrients on steel, enabled the effects of bacteria on the steel to be more fully
understood when they were added to the system which is discussed in Chapter 6 of this thesis. For
each of these conditions, three samples underwent the same experiment and the results shown are
average values with standard deviation points given to indicate replicability.
5.1.1. Open circuit potential
The OCP under each of the nutrient conditions are shown in Figure 16. Without nutrients the final
OCP of -745 ± 9 mV vs SCE was approximately 50 mV vs SCE more negative than the samples with
nutrients (-696 ± 1 mV vs SCE and -694 ± 2 mV vs SCE). This suggests that the addition of nutrients is
reducing the thermodynamic drive for corrosion to occur, indicating an inhibitive effect on corrosion.
It is also of interest to note that the samples exposed to 25 g/L of peptide nutrient mix are the most
electrochemically stable over the three hour period. While the 12.5 g/L nutrient samples initially
showed a less negative potential than the 25 g/L nutrient samples, by the end of three hours the
12.5 g/L nutrient samples displayed a more negative potential. This suggests that concentration
could be affecting the level of inhibition of corrosion seen on the steel.
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Figure 16: OCP versus time measured over three hours for three different peptide nutrient
concentrations (0 g/L, 12.5 g/L and 25 g/L). Values for each set of conditions are averaged across the
three samples with standard deviations shown.
5.1.2. Potentiodynamic scans
Initially, PDS from -1000 mV vs OCP to 1400 mV vs OCP were conducted. These showed unexpected
characteristics in the anodic region with active, passive and transpassive regions all evident. Mild
steel in saline solutions is not commonly noted as demonstrating passive and transpassive
characteristics. Generally it shows purely active characteristics as the oxide layer that forms is highly
unstable [24]. There were also distinct cathodic shifts of approximately 300 mV from the OCPs
measured (Figure 16) to the corrosion potentials shown in Figure 17. The cathodic region
demonstrated a decrease in current measured as potential increased towards OCP. As nutrient
levels increase, there is a clear trend in the anodic regions of the PDS, as seen in Figure 17. The
transpassive regions are occurring at lower potentials and as the corrosion potential is not changing
significantly across the three nutrient conditions, the anodic region is becoming more compact with
increasing nutrient concentration. The sample exposed to agar with no nutrients has two passive
regions, with the passive region at a higher potential range between -600mV to -300mV vs SCE
showing greater stability. It can be noticed that within this region, a slight protrusion is evident at
around -400mV vs SCE, characterized by a slight increase and subsequent decrease in current. This
may be indicative of a breakdown and subsequent re-formation of the passive layer. The 12.5 g/L
condition shows an increase in the protrusion in the second passive region occurring at -520 mV vs
SCE, which is even more pronounced under the 25 g/L conditions where it occurs at -720 mV vs SCE.
As the concentration of nutrients is increased, this breakdown and subsequent reformation of the
second passive layer seen at higher potentials becomes more noticeable and severe. There is also a
shift to the right and decrease in the potential of the passive regions as nutrient concentration
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increases. This suggests that within the regions of passivity, the system is thermodynamically more
active (increased negative potential range) and exhibits higher corrosion rates.
Figure 17: Current response of carbon steel in agar exposed to a PDS from -1000 mV vs OCP to 1400 mV
vs OCP (anodic scan) under three different peptide nutrient concentrations (0 g/L, 12.5 g/L and 25 g/L)
The cathodic region of the PDS (Figure 17) indicates a marked decrease in cathodic corrosion current
with the addition of peptide nutrients to the agar, compared to the agar containing sodium chloride
without peptide nutrients. There is minimal effect of concentration of peptide nutrients on this
reduction in current as there is little to no difference between the 25 g/L nutrients samples and the
12.5 g/L nutrients samples. However, the 25 g/L nutrients samples showed the smallest standard
deviation between samples, indicating a higher level of electrochemical stability with increased
nutrient concentration. This supports the hypothesis that these peptide nutrients have an inhibitive
effect on corrosion and indicates the likelihood that some or all of the inhibiting mechanism can be
described as a cathodic process [70]. The large cathodic shift seen in all samples could be due to the
large cathodic change in potential at the start of the scan causing a build-up of calcareous deposit on
the steel surface, as is seen when applying cathodic potentials to many systems [102]. The peptide
nutrients could be increasing the formation of deposits, reducing the flow of electrons across the
metal surface and leading to the decrease in measured current.  A further explanation is that the
agar could be itself breaking down with the large applied cathodic potential. Further investigations




In previous studies of mild steel in saline solutions of the same concentration used in this work,
purely active anodic behaviour was seen. Given that this study showed passive and transpassive
behaviour in the anodic region of the PDS additional anodic scans were conducted from OCP to 0 mV
vs SCE (Figure 18). This was to determine the effect of peptide based nutrients on the corrosion
properties of carbon steel without a preceding cathodic scan. Without the preceding cathodic scan,
the anodic scans lacked passive or transpassive regions, with only an active region shown for each
nutrient concentration. This is what would be expected for mild steel in a mildly corrosive
environment such as that presented by the 0.1 M sodium chloride in the agar [24]. This suggests that
the curves seen in the PDS are not an accurate indication of the behaviour of steel in contact with
the agar. As such, the effect of the peptide nutrients on the corrosion of carbon steel will be
primarily discussed based on the cathodic section of the PDS and the anodic scans in Figure 18.
The anodic scans show that above -600 mV vs SCE the lower concentration of nutrients has a higher
corrosion current than the samples with no nutrients and above -300 mV vs SCE the current
responses are very similar between the samples with full nutrients and without nutrients, both being
lower than the samples containing half nutrients. Standard deviations for each of the samples
change over the potentials scanned and with nutrient levels. The samples with no nutrients have the
lowest standard deviation, then 12.5 g/L nutrients and then 25 g/L nutrients being the furthest
spread apart. While at lower potentials there is a reduction in corrosion current measured, the
difference in corrosion current becomes less as potential increases. This combined with the 12.5 g/L
nutrient samples measuring higher corrosion currents at 0 mV vs SCE indicates that the inhibition of
corrosion that is occurring at lower potentials is concentration dependant and under the accelerated
corrosion conditions the concentration at 12.5 g/L is insufficient for effective inhibition. Additionally,
there is the possibility that the nutrients are interacting with the oxide film produced by the steel
under corrosion conditions resulting in a lower concentration of nutrients increasing the corrosion
rate at high potentials.
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Figure 18: Current response of carbon steel in agar exposed to a potentiodynamic scan from OCP to 0 mV
vs SCE (anodic scan) under three different peptide nutrient concentrations (0 g/L, 12.5 g/L and 25 g/L)
SEM and EDX images (Figure 19) of the sample with no nutrients and with 25 g/L of nutrients show a
film build up with cracks on the 25 g/L of nutrients sample which consists primarily of nutrients with
some regions of iron oxide. The surface of the sample with no nutrients is mostly bare steel with
some tubercles of iron oxide present. Peptide nutrients appear to be increasing the stability of an
oxide film that has formed and decreasing the migration of iron oxide either away from the surface
or in to tubercles. This would decrease the loss of the oxide film and decrease the rate of corrosion.
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Figure 19: SEM and SEM Energy dispersive X-ray spectroscopy of samples following anodic scan. a) 25 g/L
peptide nutrients sample SEM; b)SEM-EDX of a showing Fe (green), O (red), Cl (aqua), S (dark blue), P
(pink), Al (light blue); c) no peptide nutrients SEM d) SEM-EDX of c) with Fe, O, Cl. Scale bar is 50µm
5.1.4. Potential hold measurements
Potential hold measurements were taken at -600 mV vs SCE (Figure 20) and -450 mV vs SCE (Figure
21) for all three conditions. These were undertaken to determine the current response over a longer
time period to a stable potential to better understand the characteristics of the PDS. The voltages
were chosen as the PDS indicated that at -600 and -450 mV vs SCE significant variation should be
seen between the corrosion phases occurring under each of the nutrient conditions. For example at
-450 mV vs SCE, the no nutrients samples should be passive, the 12.5 g/L nutrients samples passive
or active and the 25 g/L samples actively corroding.
 At a potential of -600 mV vs SCE there was a considerable drop in current with the introduction of
nutrients. The measured current was initially one third of that of agar without nutrients and over
time this decreased to a fifth, shown in Figure 20 as a one log reduction in current. For the sample
exposed to no peptide nutrients, the current – time characteristics showed an undulating curve for
the full exposure duration (48 hours). In contrast, undulation of the current – time curve was only
evident up to approximately 12-14 hours exposure for the two samples with nutrients (25 g/L and
12.5 g/L), after which an almost constant response was observed. Holding at -600 mV vs SCE,
standard deviations calculated for each set of nutrient conditions were consistent, with no nutrient
condition having a larger variation between samples. At this potential, the concentration of nutrients
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appears to contribute little to the changes in current seen as the samples exposed to 25 g/L
nutrients and 12.5 g/L nutrients are producing very similar current levels.
Figure 20: Current response of carbon steel samples exposed to agar with different peptide nutrient
concentrations (0 g/L, 12.5 g/L and 25 g/L) to an applied potential of -600 mV vs SCE for 48 hours
Conversely, at -450 mV vs SCE, the addition of peptide nutrients induced higher current values
initially. An increase in the current with time was observed for all conditions over the full test
duration. The rate of increase was lower for the samples containing nutrients than for the nutrient
free samples. Consequently after five hours the sample with 25 g/L of nutrients produced less
current than those without nutrients, samples with 25 g/L nutrients showing the lowest rate of
increase. After 48 hours exposure, the highest current was associated with the no nutrients sample,
followed by the samples with 12.5 g/L nutrients, with the 25 g/L nutrient condition exhibiting the
lowest current. Further, the concentration of nutrients at -450 mV vs SCE appears to be important as
the samples exposed to 12.5 g/L of nutrients have a 20 to 40 mA higher current response than those
exposed to 25 g/L across the duration of the experiment. This peptide nutrient concentration effect
was not observed at -600 mV vs SCE. It should also be noted that at -450 mV vs SCE the currents
produced are five times higher for the no nutrient samples than at -600 mV vs SCE. Similar levels of
variation between samples are seen between all nutrient conditions as shown by the standard
deviations plotted, however the size of the standard deviations under all conditions is greater than
those seen for 12.5 g/L and 25 g/L at -600 mV vs SCE.
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Figure 21: Current response of carbon steel samples exposed to agar with different nutrient
concentrations (0 g/L, 12.5 g/L and 25 g/L) to an applied potential of -450 mV vs SCE for 48 hours
Potential hold measurements support the earlier indication that the peptide nutrients added to the
agar have an inhibitive effect on corrosion of the carbon steel studied. They also indicate that the
concentration of nutrients become important in determining the extent of inhibition over -600mV vs
SCE. The effect of the agar-peptide system on corrosion needs to be taken into consideration when
designing an experiment using bacteria in this system. If not taken into consideration, incomplete or
inaccurate conclusions of the effect of bacteria could be produced leading to further confusion
about the actions of bacteria on corrosion and the mechanisms through which they are able to
influence corrosion [60, 66, 69, 78]. This study adds to the body of work commenced in the last
decade studying the effects of nutrients on corrosion and the impact of these nutrients on studies
involving microbes.
5.1.5. Detailed discussion of Phase 2.1 results
It has been shown by these experiments that the nutrient mix being used has an inhibitory effect on
the corrosion of the carbon steel when compared to steel exposed to sodium chloride at the same
concentration in semi-solid agar without the nutrient mix present. A hypothesis of how the peptide
nutrients are causing inhibition of corrosion has been proposed. The nutrients used in these
experiments were a peptide based nutrient mix comprised of meat extract and a mix of peptides
[157]. Peptides are small chain polymers of amino acids and thus the inhibitory action of peptides is
expected to be similar to that of amino acids. Both the amine groups and carboxyl groups found in
amino acids have been previously shown to be inhibitive [71, 77]. Amines are commonly used in
commercial products as cathodic inhibitors that adsorb on the iron surface blocking the reduction of
oxygen and decreasing iron dissolution [77, 158]. Carboxyl groups are less common but are known to
form strong bonds with Fe(II) which prevents the formation of Fe(III), the final corrosion product in
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the corrosion of iron based metals [74]. The product formed by the interaction of carboxyl with Fe
(II) is electrically neutral and is believed to form a protective film on the surface of the anode. Given
that the amino acids in this experiment are in the form of peptides, the inhibitory action of the
amine and carboxyl groups that are not in side chains of the amino acid would be minimal as they
react with one another to form the polymer backbone of the peptides [159]. They would also have
less interaction with the metal surface because of the bulky side chains of the amino acids in the
peptides.
The structure of the side chains on the amino acids found in the peptide nutrient mix provides a
potential mechanism for the inhibition of corrosion indicated by these results. According to the
manufacturer’s specifications [160] the main amino acids found in the nutrient mix in order of
greatest to least concentration are glutamic acid, glycine, proline, aspartic acid, alanine and arginine.
Each of these amino acids has an additional side chain that is potentially available to react with the
wider environment. Both glutamic acid and aspartic acid have additional carboxyl groups as side
chains which at a pH of 7 would be highly reactive as they would be in the COO- form due to the
isometric point of these amino acids being below pH 7 [159]. Glycine, proline and alanine all have
non-polar side groups that would not interact with the steel surface.  Arginine, the sixth most
prevalent amino acid in the peptide mix, has two amine groups in its side chain that have the
potential to be contributing to the inhibitory effect of the peptides as they are known to inhibit
corrosion of steel even when in long carbon chains with complex side groups [75, 76]. The isometric
point of arginine is above pH 7 indicating the amine groups of arginine would be positively charged
and that the amine groups would be acting as they would under acidic conditions. As the
concentration of amines increases in a system, the higher the level of inhibition of corrosion [76].
Following anodic scanning, SEM imaging (Figure 19) showed the sample exposed to 25 g/L of peptide
nutrient mix had formed a denser, more consistent film than the sample exposed to agar with no
peptide nutrients. The 25 g/L nutrients film also incorporated many additional elements than the
iron, oxygen and chloride found in the no nutrients film indicating that the nutrient mix was
integrated with the oxide film. Comparing the cathodic (Figure 17) and anodic (Figure 18) scans it is
clear that there is an inhibitory effect in both the cathodic and the anodic regions, suggesting a
mixed mode of inhibition. The anodic inhibitory effect appears to be concentration dependent as it
is much less clear at potentials above -600 mV vs SCE (Figure 20) and at a potential of -450mV vs SCE
(Figure 21) it takes much longer for the samples exposed to nutrients in the agar to show a decrease
in current when compared to the samples without nutrients than at a potential hold of -600mV vs
SCE. This is emphasised as 25 g/L of nutrients has a very similar level of inhibition as 12.5 g/L of
nutrients when held at -600mV vs SCE, but a markedly lower current is measured over time for the
25 g/L samples when held at -450mV vs SCE. It is hypothesised that the dominant mode of inhibition
being observed is through the action of the carboxyl side chains of glutamic and aspartic acid and, to
a lesser extent due to their much lower relative concentration in the peptide mix, the amine groups
on arginine forming a consistent film on the surface. The effect of the peptide nutrient mix is similar
to the action of many commercially available mixed inhibitors.
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5.2. Phase 2.2: electrochemical properties of agar
In Phase 2.1, large cathodic shifts were seen between OCP and the corrosion potential measured
when conducting PDS from -1000 mV vs OCP to 1400 mV vs OCP. The same effect was not seen
when anodic scans were conducted without a preceding cathodic scan suggesting that the cathodic
scan was changing the electrochemical stability of the agar itself. Several hypotheses were raised as
to the reason behind this shift which required further investigation. In this chapter, a fundamental
electrochemical study of semi-solid agar in both an inert system and in contact with steel was
undertaken to establish the electrochemical properties of semi-solid agar and to better understand
the fundamental electrochemistry of semi-solid agar. Several additional electrochemical techniques
are applied,  including cyclic voltammetry [95] and electrochemical impedance spectroscopy. OCPs
and anodic scans were also undertaken.
5.2.1. Pt vs Pt experiments
Cyclic voltammetry for Pt vs Pt, shown in Figure 22, compares the behaviour of the semi-solid agar
with three different reference electrodes. Similar curves are seen with each reference electrode and
show that the agar system is electrochemically stable over a wide voltage range with peaks seen at
approximately -700 mV vs OCP and 1200 mV vs OCP. The silver wire electrode measured an OCP of
32 mV which was 20 mV above those measured with the Ag|AgCl and SCE electrodes which
measured -137 mV and -154 mV respectively. Of the three traces, the silver wire appears to be the
least stable electrode in the system with small undulations in the trace seen on either side of the
OCP in the electrochemically stable region of the agar as shown in the cyclic voltammetry scan.
Figure 22: Pt-Pt system cyclic voltammetry. Three reference electrodes are compared demonstrating
similar electrochemical stability ranges in semi-solid agar. OCP measurements prior to scan are marked.
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A similar trend was seen in the OCP traces (Figure 23) where the SCE and Ag|AgCl electrode traces
rapidly stabilised whereas the Ag wire trace was very unstable. This indicates that SCE and Ag|AgCl
electrodes are a better choice as reference electrodes in the semi-solid agar system. The CV traces of
those two reference electrodes are very similar giving increased confidence to the electrochemically
stable range of semi-solid agar. As both electrodes are showing similar regions of stability it indicates
that this is a property of the agar itself and not due to an interaction between the agar and the
reference electrode.
Figure 23: OCP of Pt vs Pt system exposed to semi-solid agar. Three different reference electrode systems
were used and compared (SCE, Ag wire, Ag|AgCl).
5.2.2. Pt vs steel experiments
When the platinum working electrode was exchanged for a steel electrode, a similar range is seen in
the cathodic direction from OCP (Figure 24), indicating that the interaction with steel and agar is not
cathodically controlled. However, within 200 mV vs OCP a distinct peak in current response is seen
suggesting that the agar is interacting with the steel. There has also been a negative shift in the OCP
measured when steel is the working electrode (-725 mV vs SCE) instead of platinum (-152 mV vs
SCE). This is expected as steel is a reactive metal, especially in an aerobic environment with chlorides
present. Due to the clear anodic response of the steel to the agar, further investigations were
undertaken to understand the interaction between steel and the semi-solid agar electrolyte.
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Figure 24: Cyclic voltammetry of platinum vs platinum electrodes and platinum vs steel electrodes in
semi-solid agar with 0.1 M NaCl. Open circuit voltages measured prior to the potential scan as marked.
Figure 25 shows the impedance spectroscopy of the steel-agar-Pt system. At the point of the
gelation of agar, the steel surface was behaving as a simple resistor-capacitor system indicating a
corrosion interface had formed as shown by EIS 1 in Figure 25a [161]. After three hours of OCP (EIS
2), little change was seen though the film had become marginally more resistive as indicated by the
Nyquist plot for EIS 2. After anodic scan 1 (EIS 3) the naturally occurring oxide film appears to have
been stripped from the surface as the EIS is demonstrating a relatively high degree of impedance.
SEM imaging after this anodic scan (Figure 25 d) suggests that the oxide has formed primarily in
tubercles on the surface leaving areas of pure iron exposed. After anodic scan 2, the passivation film
formed from agar, rather than being stripped from the steel, appears to have become thinner and
more integrated as it is now primarily resistive and losing capacitance as demonstrated by EIS 4 [80].
The resistance is also becoming smaller; indicating that the film formed is becoming more compact
and conductive. This trend continues with each additional anodic scan so that following anodic scan
5 (EIS 7) the Nyquist plot is showing a primarily resistive component indicating a highly compact,
conductive film. This can be explained by the micrographs in Figure 25 e and 22 f. It appears that by
anodic scan 3, a more integrated oxide film has formed with far fewer oxide conglomerates on the
surface. By anodic scan 5 an integrated film is present with additional oxide groupings which could
be highly conductive, as indicated by the shape of the Nyquist plot for EIS 7. Similar changes in
impedance have been recorded for carbon steel in a high temperature chloride containing solution
system with increasing time [161], suggesting that the transitions recorded in agar are due to the
action of the chlorides present. Bode plots (Figure 25 b and 22 c) show that the changes between EIS
scans are occurring in the lower frequency region indicating that the oxide film formed on the
surface of the steel is the interface that is experiencing an increase in conductivity and compaction
[80].
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Figure 25: EIS data following different steps in the experiment with accompanying SEM images of the
surface. EIS 1 is with the agar as set, EIS 2 is following the initial OCP, EIS 3 is following the initial anodic
scan, and then EIS 4-7 are following anodic scans 2-5. a) Nyquist data, b) bode plot with phasic
impedance, c) bode plot of impedance, d) SEM of the surface following the first anodic scan, e) following
the third anodic scan and f) following the final anodic scan. Scale bars =0.25mm
It should be noted that with each anodic scan, the OCP is becoming more positive as listed in
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Table 16, indicating a protective layer is being built up on the surface of the steel. The largest jump
in potential is seen following the initial anodic scan with a change of 58 mV from the OCP measured
before the scan. With each anodic scan after this, there is a positive shift in potential of 13, 8, and 7
mV respectively. The EIS data supports the build-up of a protective layer suggesting that a highly
resistive surface was present following anodic scan 1. The presence of a highly resistive surface
would reduce the thermodynamic drive for corrosion to occur at the steel surface due to it being
harder for current to flow with higher resistance, thus making the OCP more positive.
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Table 16: OCP measurements taken prior to each sequential anodic scan.






Figure 26 shows sequential anodic scans conducted on the steel samples in semi-solid agar. Over the
range studied, the anodic scans are showing general corrosion occurring with no passivation or
pitting potentials reached [38]. This suggests it is behaving similarly to steels in the presence of clay
based soils which are known to induce general corrosion [23]. At the starting potential, the OCP,
scan 1 has the highest current with scan 5 producing the lowest current. Above the range -400 mV to
-300 mV vs SCE this trend is reversed and becomes more marked as potential increases. This
suggests that with every additional anodic scan the previously formed oxide layer is reducing
corrosion at lower potentials until -400 mV vs SCE. Above this the reverse is true, with more current
produced as the number of scans increases. This agrees with the indication from the EIS data that
after each anodic scan the film on the surface is more conductive than previously, as conductivity is
measured by current/potential and this ratio increases with increasing numbers of anodic scans.
Figure 26: Anodic scans of carbon steel in semi-solid agar. The anodic scans were undertaken one after
the other on the same steel sample.
5.2.3. Detailed discussion of Phase 2.2 results
Knowing the stable range of the agar allows several hypotheses to explain earlier results. As has
been noted in Phase 2.1, very large cathodic shifts were seen when PDS were conducted from -1000
mV vs OCP to 1400 mV vs OCP. These shifts were not seen when scans were conducted in the anodic
region only. The Pt vs Pt studies shown in Figure 22 indicate that the semi-solid agar system is only
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stable to 700 mV below OCP. As the PDS in Figure 17 were commenced at a potential below this
stable region, it is likely that the agar was broken down by the potential applied. The ability of agar
to form a gel is dependent on hydrogen bonds between polar side groups on the agarose monomers
interacting so that the polymer chains form helices [146]. Potentials applied outside the safe
operating range of semi-solid agar could disrupt this tertiary structure which could then lead to agar
monomers depositing on the metal surface and increasing the passivity of the same metal surface.
Carbon steel in sea water is known to form calcareous deposits when exposed to cathodic potentials
[102]. It is likely that a similar process could be occurring at potentials below 700 mV in semi-solid
agar.
The breakdown of the semi-solid agar and subsequent deposition of agar monomers on the steel
surface would also explain the highly unique anodic region seen in the PDS which suggested that
passivation of the surface was possible in agar (Figure 17). Experiments in the agar with anodic scans
in isolation did not show the same passivation characteristics (Figure 18), further indicating that the
cathodic scan was interfering with the anodic behaviour of the steel in agar. If agar monomers were
being deposited on the steel below 700 mV, then this would lead to ‘passivation’ of the steel.
However, as the potential increased the bonds between steel and agar monomers weakened and
with further increased potential, the steel was exposed without a protective layer of agar
monomers. As the PDS in question also passed above the safe operating limit of 1200 mV vs OCP,
there is the possibility that the effects seen at higher potentials were also affected by further
breakdown of the agar.
In atmospheric corrosion of steel, multiple rust layers build up, a dense first layer closest to the
metal and a looser outer layer [42]. Each layer has different corrosion products associated with
exposure to the environment and protectiveness of the oxide film formed. Over time defects in
oxide films are reduced and the film becomes more compact. This is supported by the EIS of carbon
steel in semi-solid agar which indicate that with more anodic scans the film becomes more compact
and more conductive, and the SEM which also show increased compaction with increased time
(Figure 25). However, there is increased build up on top of the compacted surface over time.  Iron
oxides do not have strong bonds to the surface, resulting in sloughing of the film in solutions and
under atmospheric conditions [42]. In agar, the oxide films are unable to detach from the steel
interface increasing the interaction of the oxide layers and possibly contributing to faster rates of
oxide film compaction.
As oxygen reduction, which is the cathodic process controlling iron corrosion, occurs within the rust
layers [43] and not at the steel surface, lack of oxide detachment could increase the rate of oxygen
reduction. That is, the rust layers (and thus the sites of oxygen reduction) are maintained and have
the opportunity to grow in semi-solid agar. In order for corrosion to occur, high rates of ionic
transport are needed in the oxide layers to allow ions from the electrolyte to reach the iron surface
to initiate corrosion as the anodic process in iron corrosion does occur on the steel surface [44]. As
the film becomes more compacted and conductive with increased anodic scans, thus allowing for
higher ionic transport rates, it follows from this that higher currents are produced with each
successive anodic scan, particularly at higher potentials where current flow is easier.
66
Chapter 6. Phase 3 Results: Bacteria
This chapter is the culmination of the soil analogue development process with semi-solid agar.
Following the optimisation and characterisation of the analogue system, bacteria has been added
and the effect of bacteria in semi-solid agar with half nutrient conditions (12.5 g/L nutrients) on steel
examined. Electrochemical tests using the semi-solid agar system conducted on carbon steel with
and without Pseudomonas fluorescens present are discussed. P. fluorescens is an aerobic species of
bacteria known to be highly prevalent in soil and potable water which produces biofilms and is
readily cultivated [58], making it an ideal organism for initial studies. It has also been previously
implicated as a contributor to localized corrosion of carbon steel in combination with an SRB [162].
OCP experiments of three, 24 and 48 hours duration were conducted followed by PDS or potential
hold experiments. Three sets of electrochemical impedance spectroscopy (EIS) scans were
undertaken immediately upon the agar being set, following the OCP hold and after the PDS.
6.1. Open circuit potentials
OCP curves from over 3, 24 and 48 hour periods prior to PDS with and without bacteria present are
shown in Figure 27. Two key effects on the OCP curves are seen with the addition of bacteria to the
semi-solid agar system; a negative shift in potential and a reduction in electrochemical stability. A
slight negative shift in potential is evident and consistent with all three hold times. With increasing
hold time there are no significant changes in potential, and the trend established over three hours is
continued over 24 and 48 hours. The presence of bacteria also impacts on the stability of the OCP
curve, increasing the oscilations in the data. This data indicates that with the addition of bacteria,
the thermodynamic potential for corrosion to occur is increased and this is likely to be due to a
biological or non uniform effect as there is large variation in the data.
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Figure 27: OCP curves over 3 hours (blue), 24 hours (red) and 48 hours (green) with and without bacteria
present. Darker shades are used for samples without bacteria.
In addition, OCP was measured immediately prior to the commencement of each potential hold
experiment. The values of the OCP at the point immediately prior to the potential hold, averaged
across each scan for the four experimental conditions, are given in
Table 17. There is a slight, consistent drop in potential measured with the addition of bacteria, the
samples as set without bacteria had an OCP of -697.3 ± 2.6 mV vs SCE versus the same conditions
with bacteria which measured an OCP of -720.5 ± 4.9 mV vs SCE. A slight decrease in potential is
seen with increasing OCP time prior to the potential hold experiment. This supports the finding from
the PDS OCP values that with the introduction of a biofilm and with increased time for biofilm
formation, there is an increase in the thermodynamic drive for corrosion to occur. It is interesting to
note that there was a greater difference in final OCP values in
Table 17 between samples with no bacteria and those with bacteria, than there was between the no
bacteria and bacteria curves in Figure 27. The bacteria experiment OCP values were, however, very
similar, suggesting that this difference may be due to some variation in the experiments without
bacteria where there is an approximately 15 mV difference in OCP. This may be due to seasonal
variation of when the experiments were conducted as the laboratory has limited temperature
control.
Table 17: Open circuit values for each of the experiments immediately prior to the potential hold
Sample Final OCP (mV vs SCE)
No bacteria as set -697.3 ± 2.6
Bacteria as set -720.5 ± 4.9
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Bacteria 24 hr OCP -722.4 ± 4.6
Bacteria 48 hr OCP -725.5 ± 8.0
6.2. Potentiodynamic scans
PDS taken following OCP for the three different times (Figure 28) show that the addition of P.
fluorescens and a longer hold time are affecting the cathodic and anodic behaviour of the steel. P.
fluorescens has the most noted affect on the corrosion potential of the curves and the anodic
regions of the PDS. In the anodic region, higher current values were measured with bacteria present
than without bacteria, though above -550 mV vs SCE in the 48 hour hold sample this trend is
reversed. The 3 hour and 48 hour hold samples showed a decrease in corrosion potential with the
addition of bacteria, but this was not seen in the 24 hour samples. The negative shift in corrosion
potential combined with the increase in corrosion current experienced at different anodic potentials
with the addition of P. fluorescens, suggest that the bacteria are increasing both the thermodynamic
potential and the kinetic potential for corrosion to occur on carbon steel in semi-solid agar.
P. fluorescens has been previously associated with increased corrosion of steel, though it was seen
to have a minor effect when studied as a monoculture [162] which is reflected by these results.
However, the changes seen in the level of this effect with varying hold times suggests that the build
up of oxide and biofilm on the surface is also playing a role in the process of corrosion.
The PDS show a negative shift in corrosion potential with a longer OCP prior to the scan as well as a
decrease in cathodic current recorded independent of the presence of bacteria. This suggests that by
increasing the length of OCP prior to PDS, allows more nutrients to build up on the surface and
provide a protective layer against corrosion. Previous studies conducted in semi-solid agar have
determined that the peptide nutrients used in this experiment have an inhibitive effect on the
corrosion of carbon steel. In the cathodic region, there is a marginal shift with the addition of
bacteria to a lower cathodic current. This suggests that the bacteria forming a biofilm on the surface
is also contributing to the formation of a protective film. The interplay between the effect of a
nutrient oxide film with and without bacteria present and the corrosivity of the bacteria is of great
interest.
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Figure 28: Averaged potentiodynamic scans of samples exposed to P. fluorescens compared with those
which were not. a) 3 hours OCP, b) 24 hours OCP, c) 48 hours OCP, d) all conditions. Three samples were
tested for each set of conditions.
The addition of P. fluorescens to the system increased the corrosivity of the steel tested under all of
the conditions. This is shown by the scans in Figure 28 as well as the averaged OCP values and the
averaged corrosion potential and corrosion current values listed in Table 18. The corrosion potential
and current were calculated via Tafel extrapolation with the potentiostat software. The OCP with
bacteria is consistently 10 to 15 mV more negative than without bacteria. This is irrespective of the
time for which the OCP was held suggesting that the presence of a film has little bearing on this
value. Averaged corrosion potential values are consistently more negative and averaged corrosion
current measurements are consistently higher with the addition of bacteria further supporting the
finding that P. fluorescens has a corrosive effect on steel in the semi-solid agar environment. The
least variation in corrosion potential and corrosion current is seen in the samples which underwent a
24 hour OCP. The standard deviations for these values with bacteria are also greater compared to
the 3 hour OCP and 48 hour OCP samples. This lack of variation between bacteria and without
bacteria after 24 hours for a biofilm to form suggests that at this time point the bacteria are having
less interaction with the steel. This suggests that there are time periods during biofilm development
where the bacteria are more or less active and have more or less impact on their surrounding
environment.
While there is minimal impact of a longer hold on the OCP and corrosion potential values measured
without bacteria present, there is a definite decrease in corrosion current measured with increasing
hold time for the oxide film to form, though this is not clearly seen with the introduction of
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P. fluorescens. This further supports the hypothesis that the nutrients present in the semi-solid agar
are having an inhibitive effect on the corrosion of steel and the greater the time for the nutrients to
deposit and become included in the oxide film formed, the greater the inhibition. Iron oxide films
are noted to be inconsistent and prone to spalling from the metal surface [42]. The nutrients present
may be increasing the stability of the oxide film, though there is also the possibility that the agar
supporting the film prevents it from flacking leading to an increase in stability.
Table 18: Average OCP, corrosion potential and corrosion current values for samples with and without
P. fluorescens present
Duration of OCP
3 hours 24 hours 48 hours
OCP (mV) No bacteria -715 ± 3 -712 ± 2 -719 ± 13Bacteria -728 ± 4 -728 ± 10 -729 ± 2
Ecorr (mV)
No bacteria -782 ± 1 -839 ± 21 -822 ± 18
Bacteria -801 ± 8 -843 ± 21 -853 ± 2
icorr (µA)
No bacteria 0. 50±0.03 0.31±0.06 0.21±0.11
Bacteria 0.70±0.08 0.34±0.13 0.59±0.11
6.3. Electrochemical impedance spectroscopy (EIS)
EIS was undertaken both before and after hold at OCP for each of the conditions to determine the
impact of the different OCP times and the presence of bacteria on the interface between the steel
working electrode and the semi-solid agar. Additional EIS were undertaken following PDS. The
results of these scans are shown in Figure 29. Both before and after hold at OCP, the steel surface
was behaving as a simple resistor-capacitor system indicating the formation of a corrosion and/or
biofilm interface [163]. Before OCP, the Nyquist plot for each of the conditions was very similar.
After OCP a distinct trend in the resistance and impedance values measured was established. With
increasing length of OCP, a larger semi-circle was formed indicating a more resistive film formed
with longer hold times. There was an additional increase in impedance and resistance measured
with the addition of bacteria to the system.
Results of calculations based on the EIS data after OCP demonstrate that the addition of bacteria
increases resistance and decreases conductivity at the steel-agar interface, indicating that the
bacteria are enhancing the protective nature of the film formed or, at the least, are forming an
insulating layer. This correlates with the cathodic behaviour of the samples seen in the PDS, but is
contradictory to the OCP values recorded at the end of each hold period. Examining the capacitance
values calculated from the EIS data, suggests that the charge storing capability of the oxide film
without bacteria is independent of the OCP time whereas with bacteria present capacitance
increases with increasing hold time. After 3 hours the capacitance is 4.6 x 10-5, which increases to
5.6 x 10-5 after 24 hours and 6.8 x 10-5 after 48 hours. The increase in capacitance is an indication of
an increase in extracellular polymeric substance being produced by the P. fluorescens which is
known to bind metal ions, forming metal concentration cells on the surface and increasing charge
storage [56]. The EIS calculations also show there is a decrease in film thickness seen as hold time
with bacteria increases that is not seen in the samples without bacteria, indicating that with the
addition of bacteria the film at the steel-agar interface is being compressed and becoming more
compact over time, which could be due to the secretion of EPS. The 48 hour samples are the only
samples where the film thickness measured with bacteria is thinner than without, suggesting that
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after 48 hours the biofilm has stabilised and that at 3 hours and 24 hours while the biofilm is
developing it is probably quite open and patchy allowing for easy flow of oxygen and other
electrolytes to the steel surface. This would increase the rate of corrosion of the steel. The interplay
of oxide film, nutrients and biofilm over time changes the dominant contributor to corrosion but the
overall effect on corrosion remains constant with the addition of bacteria.
Table 19: Resistance, conductivity, capacitance and film thickness of the samples after the OCP as








3hr bact EIS 2 11600 0.00095 1.47 4.62 x 10-05
24 hr bact EIS 2 20600 0.00053 1.20 5.63 x 10-05
48hr bact EIS 2 25150 0.00044 1.00 6.77 x 10-05
3hr no bact EIS 2 9945 0.00111 1.26 5.39 x 10-05
24hr no bact EIS 2 13355 0.00082 1.15 5.90 x 10-05
48hr no bact EIS 2 22345 0.00049 1.31 5.19 x 10-05
After PDS, the Nyquist plots are demonstrating different characteristics to those observed prior to
PDS. Instead of semi circles across the frequency range scanned, as seen prior to PDS, and after a
hold at OCP, these curves are short lines at approximately 45° between R(Z) and Im(Z). Without
bacteria present the EIS data collected post PDS are very consistent demonstrating either Warburg
characteristics indicating a diffusion barrier has formed or very high levels of resistance and
impedance and thus decreased conductivity. The addition of bacteria and the length of the hold time
together have been shown to have an impact on the EIS properties established after PDS. With the
addition of bacteria and increasing hold time, the Nyquist plot showed evidence of decreasing
resistance and impedance, which indicates greater conductivity of the interface and the potential for
higher corrosion levels to be experienced at the surface. This suggests that less of the surface film
has been stripped away where it is in contact with a well formed, compact biofilm.
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Figure 29: EIS data for all conditions with and without P. fluorescens a) as set, b) after OCP (3 hrs, 24 hrs,
48 hrs), c) following PDS
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6.4. Potential hold measurements
Potential hold data for all of the samples are shown in Figure 30. It is clear that the samples exposed
to bacteria are experiencing higher levels of current than the sample not exposed to bacteria. The
amount of current appears to be independent of the time given for biofilm to develop as all three
samples with bacteria show similar amounts of current with the exception of the first 10-30 minutes
of the potential hold where different peak values are seen, decreasing with increased OCP hold time.
Larger oscillations in the data are seen for the sample with bacteria that was exposed to the
potential as soon as the agar had set compared with those that were given 24 and 48 hours for the
biofilm to form before the potential was altered. For samples with bacteria, the 48 hour sample
potential hold displays the smallest degree of oscillations, similar to the sample without bacteria.
The individual graphs shown in Figure 30 show an increase in the magnitude of the oscillations for
the bacteria sample without hold time from approximately 30 hours into the experiment. At a
similar or slightly later time in the experiment a comparable increase in the size of oscillations is
seen in the sample given 24 hours for the biofilm to develop. This is not seen in the sample with
bacteria given 48 hours for the biofilm to develop or the sample with no bacteria. It is hypothesised
that the oscillations are due to uneven electrochemical activity across the steel surface with the
action of bacteria.  The oscillations are most pronounced in the bacteria sample without hold time as
there has been no time for a biofilm to form between cells to give electrochemical connection
between cells. With increased hold-time there is more time for biofilm to form, which provides more
electrochemical connection and thus oscillations of smaller magnitude. Figure 30 also indicates the
standard deviation for each OCP hold time, which follows a similar trend to the size of the
oscillations seen, with the sample which allowed 48 hours for the biofilm to develop having the
smallest standard deviation across the potential hold of the samples exposed to bacteria. The
sample not exposed to bacteria showed the least deviation of all.
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Figure 30: Time vs current plot over 48 hours in response to a potential of -600mV vs SCE. Three samples
had bacteria at the steel surface with a variety of biofilm development times; they show a marked
increase in current when compared to the sample without bacteria. They are a) no bacteria as set, b)
bacteria as set, c) bacteria following a 24 hr OCP, d) bacteria following a 48 hr OCP, and e) the four graphs
overlaid.
6.5. Visual inspection of agar
At the conclusion of the experiments, visual inspection and associated images of the agar that had
been in contact with the working electrode were undertaken to determine the effect of the
accelerated corrosion tests on the viability of the bacteria. Here, the biofilm of the samples that had
undergone electrochemical testing were compared to the biofilm of samples that were set up
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identically but did not undergo electrochemical testing, thus acting as controls. This was to
determine the effect of the electrochemical tests on the health of the bacteria.
Photos of the agar following potential hold testing are shown in Figure 31. Pink tones indicate viable
bacteria; brown indicates dead bacteria cells and the orange is corrosion product. From these
observations, it is clear that all of the controls have approximately 1 mm deep of viable bacterial
cells forming a biofilm at the working electrode surface. The appearance of the samples that have
undergone the potential hold vary with time. The sample which underwent potential hold upon the
agar being set (Figure 31 b) has a brown biofilm at the working electrode with signs of corrosion
product having migrated several centimetres through the agar away from the working electrode.
The samples that had 24 and 48 hours of OCP for biofilm to form have bands of pink through the
agar indicating that bacteria have migrated away from the working electrode over the duration of
the experiment. This band is observed to be larger for the 48 hour sample compared to the 24 hour
sample. The agar beyond the depth of the pink band is coloured a darker orange than the
surrounding agar demonstrating that corrosion product has also migrated in both the 24 hour and
48 hour samples. There are also thin films of pink biofilm directly at the working electrode surface.
Figure 31: Photos of agar at the conclusion of the potential hold experiments showing the agar and
biofilm that had been in contact with the carbon steel working electrode for the samples that were
inoculated. Bacteria as set a) control b) after PH; 24 hr OCP sample c) control d) after PH; 48 hr OCP
sample e) control f) after PH. Blue circles indicate area of agar exposed to steel surface. Scale bar = 1 cm
The samples following PDS experiments for the 24 hr and 48 hr OCP holds are shown in Figure 32. All
of the samples exposed to PDS are showing pink colouring in contact with the working electrode, as
are the control samples, indicating that the cells are viable. As with the potential hold samples, wide
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bands of pink are seen in the samples which underwent electrochemical testing with rings of orange
corrosion product surrounding them. Similar colouration of the agar of the 3hr OCP hold samples
(not shown) was seen with viable cells seen in both the control samples and those exposed to the
PDS. In addition a band of migrated cells and corrosion product was also seen in these samples. No
substantial difference is seen in the width of these bands with increased OCP hold time, so under
these conditions the biofilm development may not play a role in the survival of the bacteria.
Figure 32: Photos of agar at the conclusion of the PDS experiments showing the agar and biofilm that had
been in contact with the carbon steel working electrode for the samples that were inoculated. 24 hr OCP
sample a) control b) after PDS; 48 hr OCP sample c) control d) after PDS. Blue circles indicate area of agar
exposed to the surface of the steel sample. Scale bar = 1 cm
6.6. Scanning electron microscopy
Comparing the SEM of PDS samples which did not have the biofilm fixed on the surface (Figure
33 b,e,h) to the samples not exposed to bacteria (Figure 33 a,d,g) provides an insight into the
progression of corrosion under these conditions and the contribution of both P. fluorescens and the
increased OCP time. The surface of the 3 hour OCP sample without bacteria present (Figure 33 a) has
an etched appearance indicating corrosion has occurred and oxide appears to be forming at the
grain boundaries on the steel. With bacteria present (Figure 33 b), the surface has a similar
appearance though with more defined etching. The 24 hour samples both with bacteria (Figure 33 e)
and without (Figure 33 d) appear cleaner without the oxide clumping. However, the sample with
bacteria appears to have a film present in some sections that was not easily dislodged by rinsing the
surface with ethanol. This could be due to the formation of a more protective layer of nutrients on
the surface with increased time for this to occur prior to the PDS. By 48 hours films present following
PDS are firmly attached and easily seen. In the sample not exposed to bacteria (Figure 33 g) exposed
grains can be seen under what appears to be a relatively cohesive oxide film. This is very similar to
the protective nutrient and oxide film seen after anodic scanning with 25 g/L of peptide nutrients
(Figure 19), double the concentration of the peptide nutrient mix used in the experiments with
bacteria. In the presence of bacteria (Figure 33 h) the nutrient oxide film has become integrated with
EPS and bacteria cells that could not be dislodged, with some grain boundaries visible beneath this
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film. Visually it would appear the sample that underwent the most corrosion is the 3 hour bacteria
sample, which correlates with the PDS and Tafel extrapolation data shown in section 6.2.
Based on the SEM images of the metal surface with fixed biofilm (Figure 33 c,f,i), it is believed there
is a high level of EPS present, especially in the 48 hour samples. The biofilm changes with time, after
3 hours (Figure 33 c) it appeared to be loose with very little lattice structure. At 24 hours (Figure 33
f) it is quite compact with bacteria enmeshed with fibrous particles. By 48 hours (Figure 33 i) it is less
compact, but is highly ordered and appeared to have incorporated oxides as well as having many
bacterial cells and EPS fibres present. This would both increase the resistivity and capacitance of the
film, as suggested by the EIS data.  An earlier study of the corrosion effects of P. fluorescens found
low levels of EPS produced after four weeks of submersion in a culture broth at 37°C [162].
P. fluorescens produces more EPS and a more stable biofilm under cathodic potentials than under
anodic or OCP conditions [98] so this may have impacted on the variation seen between these
samples and the earlier studies in combination with the support provided by agar as compared to
the solution used in the earlier studies. Additionally, P. fluorescens is an environmental bacteria
species that is optimally grown at 25-30°C [164] and would thus not be as viable at 37°C and be less
likely to produce EPS at such a high temperature.
78
Figure 33: SEM of the steel surface post PDS a) 3 hr no bacteria b) 3 hr bacteria no fixing c) 3 hr bacteria
fixed film d) 24 hr no bacteria e) 24 hr bacteria no fixing f) 24 hr bacteria fixed film g) 48 hr no bacteria h)
48 hr bacteria no fixing i) 48 hr bacteria fixed film. Scale bar = 10 µm.
Two sets of samples were prepared for SEM imaging following the potential hold experiments. One
group of samples were fixed to allow the biofilm and bacteria to be examined, the other were rinsed
in ethanol and the majority of the film removed to allow the metal surface to be examined. These in
turn were compared to SEM of the samples from the nutrients study without bacteria in Chapter 5.
The samples without bacteria, shown in Figure 34, indicate that corrosion has occurred with an
etching effect similar to that seen in the PDS samples (Figure 33). There appears to be some oxide
film present on the surface, but back scatter imaging (Figure 34 b) suggests that due to the lack of
contrast and mostly light surface that the bulk of the surface is iron metal.
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Figure 34: SEM images of sample with no bacteria following potential hold a) secondary electron image b)
back scattered image. Scale = 10 µm
A similar etching effect is seen in the samples with bacteria that were rinsed with ethanol prior to
SEM (Figure 35 b,d,f). Grains of the steel were clearly visible, though the etching effect appears to be
more pronounced suggesting it is further advanced. This supports the potential hold findings that
with bacteria, higher corrosion rates are seen, in agreement with the findings from the PDS studies.
An additional feature seen in the bacteria samples not seen in the samples without bacteria or the
PDS samples are gouges within the grains (crevice like features in the SEM images of the exposed
surface). These appear to be in clumps and not follow a pattern. With increasing time for a biofilm to
form prior to the potential hold being applied to the system, they appear to be getting deeper.
Examining the samples with biofilm fixed on the surface (Figure 35 a,c,e) indicate localised corrosion
is occurring and that this is contributing to the accelerated corrosion occurring in the presence of
bacteria. All of the biofilms appear to be cracking due to the drying process along similar lines to the
grain boundaries seen in the exposed samples. The image of the 24 hour sample biofilm (Figure 35 c)
shows several groups of bacteria clumping together. These clumping patterns are similar to the
gouge patterns seen in the exposed steel images suggesting that the bacteria are causing those
effects. Earlier work on steel found increased etching in the presence of P. fluorescens at OCP when
exposed for four weeks and that the bacteria appeared to clump around haematite crystals [162]. As
the corrosion initiated by the agar environment is occurring primarily along grain boundaries, the
majority of oxides are produced at this point. Thus the bacterial cells, which require Fe(III) to
replicate, will congregate at these areas and accelerate corrosion in their immediate vicinity.
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Figure 35: SEM of samples exposed to bacteria following potential hold a) fixed 0 hrs OCP b) metal
surface 0 hrs OCP c) fixed 24 hrs OCP d) metal surface 24 hrs OCP e) fixed 48 hrs OCP f) metal surface 48
hrs OCP. The highlighted section from c) depicts groups of bacteria congregating on the surface of the
film; these are seen in the circled regions. Scale bar = 10 µm.
6.7. Detailed discussion
OCP, PDS and potential hold data indicate that the P. fluorescens present is increasing both the
thermodynamic potential for corrosion of the steel to occur and its rate of corrosion. There is a
minor increase in thermodynamic potential for corrosion to occur with increased time for the biofilm
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to form as shown by the more negative OCP values and PDS, but this is not reflected in the potential
hold experiments as the rate of corrosion (0.04 mA to 0.06 mA) appears to be very similar across all
samples. The EIS data suggests that with longer hold times and the addition of bacteria, the film
formed following OCP is more resistive and less conductive. However, with the addition of bacteria
for the 3 hour samples and 24 hour samples the capacitance of the film is less than without bacteria.
The question here becomes, what is the mechanism of the bacteria contributing to corrosion of
steel. Biofilms and EPS producing bacteria, such as the Pseudomonads, are commonly believed to
cause corrosion through interference with passive films and the creation of metal concentration cells
[56, 57]. The Pseudomonads are known to produce EPS and isolates of P. fluorescens from soil have
been shown to form complex, heterogeneous biofilm structures without other species present [58].
Based on the findings through EIS, the action of the biofilm in forming metal concentration cells is
proposed as a potential mechanism for the corrosion seen in these experiments, particularly for the
48 hour OCP samples which would have formed a stable biofilm prior to PDS.
The peptide based nutrients used in this experiment were shown in Chapter 4 to have an inhibitive
effect on steel due to the amine and carboxyl groups present in the peptides. The corrosive effect of
the bacteria seen here may be due to nutrients being consumed by the bacteria, reducing the
inhibition of the steel corroding and increasing corrosion rates [60]. A distinct change in corrosion
rate sometime after the commencement of an MIC experiment is often due to a change in nutrient
conditions. In this instance it is unlikely to be the dominant contributor to the increase in corrosion
seen given that increasing the time for biofilm to form, and thus the length of time for nutrients to
be consumed, is not leading to a difference between corrosion rates measured over the period of
the potential hold experiments. However, it may be contributing to the decrease in OCP seen with
increasing time for biofilm to form which is particularly evident in Table 17. There is also the
possibility for localised nutrient consumption to be occurring where the bacteria have been shown
to be congregating, though based on these experiments there is no means of determining if this is
true. Localised nutrient consumption could be leading to the formation of localised galvanic
corrosion cells and thus to accelerated localised corrosion.
P. fluorescens has previously been implicated in the increase of corrosion of steel [162]. In this study,
clumps of cells were found around iron oxide crystals as well as etching of the steel surface with
gouge like effects seen in the potential hold samples. It was hypothesised that the enhanced
corrosion seen with the addition of P. fluorescens could be attributed to the action of metabolic
products. Pseudomonads produce an iron chelating enzyme known as pyoverdine which binds to
Fe(III) and allows the cell to take up the Fe(III) and convert it to Fe(II) which is required for the
production of proteins and cell replication [52]. P. fluorescens particularly produces pyoverdine in
low iron environments, such as that experienced when initially exposed to the semi-solid agar [53].
The peptide nutrients used do contain some iron (20ppm) [157], but when halved the concentration
of iron is low, especially compared to the nutrient agar the bacteria were grown on. This could
explain why the samples which underwent the potential hold as soon as the agar was set showed
the highest spike in current produced initially as the bacteria would be producing the most
pyoverdine at that time point having just experienced a change in iron concentration. Abundant
Fe(III), the insoluble final product of iron corrosion under aerobic conditions, has been shown to
increase the growth rate of P. fluorescens but also reduces the amount of pyoverdine secreted by
the cells [165]. Understanding the ways in which P. fluorescens interacts with iron assists in
determining a mechanism for the observed increase in corrosion.
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The higher thermodynamic and kinetic potential for corrosion of steel seen in the presence of
P. fluorescens, across all three OCP times, can be explained through a combination of these
mechanisms. Initially, high levels of pyoverdine would have been secreted by the bacteria cells
which would have bound the Fe(III) produced by the non-biotic corrosion occurring in the system.
The removal of Fe(III) from the oxide films both prevented a cohesive passive film from forming and
caused a shift in chemical equilibrium of the corrosion process leading to an increase in reduction of
the iron metal occurring. With increased OCP time, excess Fe(III) would be produced leading to a
decrease in pyoverdine synthesised and less uptake of the Fe(III). However, concurrently a more
stable biofilm would have formed which had a higher level of capacitance indicating the formation of
metal concentration cells. Metal concentration cells would also increase the corrosion levels. The
shift in corrosion mechanism of P. fluorescens from the action of metabolites following a 3 hour OCP
and 24 hour OCP to being due to the biofilm formed after a 48 hour OCP also gives a possible
explanation for the observed change in anodic behaviour above -600 mV vs SCE.
Based on the visual inspection images (Figure 31), it is apparent that the anodic potential applied in
the potential hold experiments is having a negative effect on the bacteria cells. This is dependent on
the length of time allowed for a biofilm to form prior to the application of a potential. By the end of
the 48 hour hold period, the sample that had the anodic potential applied as soon as the agar had
set (ie. no time for a biofilm to form) was showing no migration of bacterial cells and the bulk of cells
had died as shown by the brown colour of the film in contact with the steel surface. While it cannot
be accurately determined when the majority of cells died, by examining the potential hold data it
can be hypothesised that the cells died between 20 and 30 hours leading to the increased
discrepancy between samples and the larger oscillations in the data as there would be greater
localised electrochemical differences. The samples which had 24 and 48 hours for biofilm to form
prior to the potential being applied to the system both showed healthy bacteria at the steel surface
as well as an indication that the bacterial species have migrated from the surface. This was
evidenced by the pink band diffused from the working electrode. More migration was seen in the
sample that had 48 hours to form a biofilm. This suggests that time for a biofilm to form before a
potential is applied has a protective effect on the bacteria. The ability to quickly determine whether
bacteria are still alive at the end of an accelerated corrosion test is of great benefit in determining
the mechanisms involved in MIC.
P. fluorescens has been previously shown to be negatively affected by the application of an anodic
potential, with growth of a biofilm restricted after 8 hours [98]. The bacteria under these conditions
do not produce sufficient extracellular polymeric substance (EPS) and cells clump together rather
than distributing evenly across a surface. The clumping seen so clearly in the potential hold 24 hr
OCP images (Figure 35 c) correlates with this. Without time for a biofilm to form before the potential
is applied, over the 48 hour period an anodic potential is applied here, the bacteria are killed
indicating that an anodic potential is, as previously suggested, a negative indicator for cell life.
However, at the potential applied once a biofilm was able to form, it was able to protect the bacteria
from death. The biofilm can be seen to change with increased time for formation, with more cell and
EPS matter present in a coherent form at 48 hours than either 0 hours or 24 hours. Interestingly,
other than increasing the oscillations in the potential hold data, the death of the cells has not
impacted the amount of current produced. This suggests that the presence of the film is contributing
to the increase in corrosion, possibly through the creation of oxygen and/or metal concentration
cells on the steel surface. This mechanism has been suggested previously for Pseudomonas species
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influencing corrosion on steel [166]. It is of note that similar patterns of death were not seen in the
samples exposed to PDS (Figure 32), which started with a cathodic current and was of much shorter
duration. The same study that demonstrated the adverse effects of an anodic potential on
P. fluorescens indicated that a cathodic current encourages the growth of the bacteria and increased
production of EPS and the formation of cohesive biofilms [98]. This is reflected in the differences
seen between the PDS and potential hold samples.
Another key finding of this work is the migration of bacteria away from the steel surface. In a
solution, this process occurs with flaking of the oxide film and is not due to the bacteria. In solution,
bacteria are more prone to adhering to a surface as it provides support and the development of
protective biofilms [20]. In semi-solid agar, the agar supports the bacteria and motile bacteria will
migrate to find the most favourable environment. Based on the images in Figure 31, corrosion
product is migrating away from the steel surface as the iron oxide builds up under the influence of
the applied potential. It appears that the bacteria are then migrating away from the steel surface
following the corrosion product. P. fluorescens, like most bacteria, require iron to form proteins for
replication [52]. This is the most likely cause for the migration of bacteria. As the corrosion product
in the form of Fe(III) diffuses from the steel surface through the agar under the influence of the
applied potential, the bacteria follow the readily available source of Fe(III). There is also a more
ready source of other nutrients available away from the steel surface where the majority of bacteria
are found. It would appear that the P. fluorescens are following the chemical gradient of the Fe(III)
established with time. This is further supported by the lack of migration seen in the control samples
which were not exposed to an applied potential and thus minimal corrosion was seen over the 48
hour period and no corrosion product visibly migrated.
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Chapter 7. General Discussion
A review of soil corrosion studies (Chapter 2), in particular those which considered MIC, has
indicated the need for a soil analogue for laboratory based investigations of corrosion due to the
many limitations of the systems most commonly employed. As indicated in Chapters 1 and 2 of this
thesis, this system needed to emulate the physical and chemical characteristics of soil while allowing
important variables including oxygen concentration, moisture levels, nutrients and pore size to be
regulated. Such an analogue also needed to be able to provide reproducible results for scientific
conclusions to be able to be drawn from the data. There is a particular need for this system to be
able to replicate clay based soils which field studies have shown are the soils which have the highest
risk for pipeline failure due to corrosion [7, 116, 117, 122]. This is due to the higher retained
moisture levels, smaller pore size and greater affinity for bacterial populations of clay based soils
when compared to sandy soils [11]. In response to the literature, a semi-solid agar system has been
developed as an electrolyte for accelerated corrosion studies. The development of this agar system,
results obtained and interpretation of the data from the electrochemical tests conducted on this
system are discussed in detail in Chapters 4, 5 and 6. This chapter is focused on discussing the merits
of agar as an analogue for soil; the unique interactions between the soil environment, bacteria and
steel that can be visualised with this system; and the broader applications of such a system now that
it has been developed.
7.1. Agar as an analogue for soil
Agar was selected as the trial electrolyte for several reasons. Silica and polyacrymalide gels had
previously been used to replicate sewage sludge in accelerated corrosion experiments, but these
were not designed for the support of bacteria cells [30, 31]. Agar is a commonly used gelling agent in
microbiology that only becomes soluble in water at 100°C, gels at roughly 36°C and due to its large
gel hysteresis (ability to remain a gel above the gelling temperature) is stable to well above 50°C
depending on the concentration of agar in solution [145]. These thermal properties combined with
the fact that agar is thermally stable, generally not degraded by microbes and is a non-reactive
polymer (so it has minimal impact on nutrients or cell growth) makes it an ideal gelling agent for
microbial plating and testing. Gelation of agar occurs due to the hydrophobic nature of agarose
which is stabilised by sulphur and pyruvate polar groups [146]. Initially, the base units form helices
which are then aggregated to form the gel and the consistency of this gel is dependent on
concentration of agarose, nutrient type added and concentration of these nutrients. It is this
flexibility in the gel properties which makes agar an ideal substance to use as the basis for a soil
analogue. Changing the concentration of agar changes the concentration of moisture retained in the
gel, the size of the pores in the gel and, as was determined from the information presented in
Chapters 3 and 4 of this study, the convection of oxygen (and nutrients) through the gel. Agar is also
known to have similar dielectric properties to water, meaning that the ability for current to flow
through the gel is similar to water [147]. The conductivity of solid agar as listed in Table 13 confirms
that current could pass through the gel readily.
One of the key limitations of soil samples being used for soil corrosion tests is the difficulty in
obtaining reproducible results due to the variation in pore size, compaction and moisture content
between soil samples, even when taken from the same site. Several electrochemical cells have been
designed to attempt to minimise these problems, but variation is still seen between experiments
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[28, 130]. Reproducibility is particularly important when conducting electrochemical tests. Two
concentrations of agar were considered as part of this research program. The first, solid agar,
contained 15 g/L of commercial agar which is the concentration of agar commonly used for making
culture plates for microbes [167-169]. The second, semi-solid agar, contained 4 g/L which is used for
stab testing the motility of microbes [149]. Initial studies with solid agar, as described in Chapter 4,
revealed that good reproducibility was only possible between experiments when oxygen was
removed from the system. This indicated that oxygen was unable to be readily replenished at the
working electrode in solid agar and that results obtained were dependent on the oxygen
concentration at the working electrode after the agar had set. With the reduction in agar
concentration to 4 g/L (Chapter 5), and the production of a semi-solid agar system, reproducible
results were rapidly obtained with limited further optimisation of the system required. This is due to
the increased convection of oxygen possible through the semi-solid agar. Semi-solid agar was chosen
as the concentration to continue the development process with based on the much greater potential
for obtaining reproducible data. It should be emphasised here that the concentration of agar can be
changed to match a specific desired soil consistency, for adapting the system for future studies.
Depending on the desired conditions and taking into account the reduction in convection of gases
and nutrients with increasing agar concentration, 2 g/L to 15 g/l could be used. Taking into
consideration the optimisation procedures undertaken in Chapter 4, running a set of
potentiodynamic tests would rapidly give an indication of the ability for results to be reproduced and
thus statistically significant for a different agar concentration.
Clay based soils are known to be more aggressive than sandy soils [11]. Due to the difference in pore
size and moisture retention between the two soil types which are perceived as either end of the soil
type spectrum, there is also a difference in the dominant mode of corrosion that occurs. Sandy soils
are dryer due to the large particles and pores in the soil structure and are more prone to localised
corrosion than clay based soils [12, 13]. This is primarily due to the heterogeneity across a buried
metal surface as a consequence of higher oxygen levels and lower electrolyte levels in the sand. Clay
based soils, which have smaller pores and retain moisture well so that electrolytes are more evenly
distributed across a buried metal surface, are more likely to induce general corrosion than sandy
soils. It is the increased number of pores across a given area and increased homogeneity of the
electrolyte that also means corrosion rates in clay based soils are higher than in sandy soils [9].
There is also an increased risk of bacteria being present in clay based soils (and thus MIC) as they
become entrapped by the highly charged clay particles [135]. In addition, microbes require the
presence of moisture for nutrients and transport through soil and clay soils retain more moisture
than sandy soils. A comparison of the corrosion experiment results conducted in both solid agar and
semi-solid agar revealed that decreasing the concentration of agar produced an analogue with
characteristics closer to that of clay based soils. Consideration of the surface analysis of steel
samples exposed to each system showed that while there was some pitting on the samples exposed
to solid agar (Figure 15), the samples exposed to semi-solid agar were uniformly corroded (Figure 33
no bacteria samples and Figure 34). Anodic scans of steel exposed to semi-solid agar (Figure 18:
Current response of carbon steel in agar exposed to a potentiodynamic scan from OCP to 0 mV vs SCE
(anodic scan) under three different peptide nutrient concentrations (0 g/L, 12.5 g/L and 25 g/L) and
Figure 26) also indicated that uniform corrosion without pitting occurred. Following the
identification of the electrochemical limits of the agar system in Chapter 5, PDS data (Figure 28)
supported the earlier finding that uniform corrosion without pitting occurred over the potential
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range considered with no indication that pitting had occurred at higher potentials. The general
corrosion experienced by the samples exposed to semi-solid agar suggested that this medium acted
as a good representation of a clay based soil environment.
A unique feature of this agar system compared with conventional solution systems is that any iron
oxides formed on the surface of steel in semi-solid agar do not slough off into the solution. Instead,
the agar supported the oxide film at the steel surface and there was some migration of Fe(III) away
from the surface through the agar. Investigations of rust around buried water pipelines suggest that
this is also what occurs in soils. Oxide films are readily visible on pipe surfaces and the soil in the
immediate vicinity of corrosion areas on pipelines. These are coloured to match that of rust
indicating that iron oxides have diffused through the soil [121]. As demonstrated in Chapter 5, with
increased anodic scanning, oxide films on the surface of steel in semi-solid agar become more
compact. The oxide films developed on the steel surface following exposure to a constant anodic
potential (Chapter 5 and Chapter 6) also indicated that with time they became more compact with
support from the agar matrix. It is established that over time under atmospheric conditions, multiple
corrosion layers are built up [42]. The first corrosion layer closest to the steel is highly compact with
a looser outer layer. In sediment, which is akin to very moist soil, a similar process occurs with iron
oxides undergoing stratification [49]. As settlement of particles occurs, soluble ferrous ions form a
layer beneath a solid ferric ion layer, allowing it to remain un-oxidised as it would be if it came into
contact with oxygen.
In the current study, a similar stratification was evident in the corrosion product produced when an
anodic potential was applied to the carbon steel in the semi-solid agar system, as seen in Figure 31b.
Ferric ions (based on the orange colour [39]) are clearly seen to have migrated from the working
electrode, forming a band. When the steel samples were first removed from the agar, in most
experiments the corrosion product on the surface was dark grey or black. This quickly oxidised upon
exposure to the air suggesting that there were ferrous ions on the surface [79, 170]. Three layers of
iron products can thus be assumed to be present at the conclusion of electrochemical experiments,
such as PDS and anodic potential holds, conducted in semi-solid agar. Firstly a layer of metallic iron
at the working electrode, then a thin layer of ferrous ions and finally an extensive band of ferric
oxides that migrate from the working electrode. This tri-layer effect is commonly seen on carbon
steel samples in a range of environments [171]. The reason for the migration of Fe(III) from the
working electrode through the agar is not fully understood at this stage, although it was thought to
be associated with diffusion controlled processes due to the formation of a chemical or potential
gradient. Given that the positively charged ions are moving away from the negatively charged
working electrode towards the positively charged counter electrode, a potential gradient is unlikely
to be the cause of the migration. Fe(III) following a concentration gradient is the most likely
explanation as the steel surface has a high concentration of Fe(III) versus the agar which has low iron
concentration. The stratification of iron ions and migration of Fe(III) from the working electrode
further supports the application of agar as a good analogue for soil in electrochemical, particularly
accelerated corrosion, studies.
In summary, semi-solid agar was shown to be a good analogue of clay based soils for accelerated
corrosion studies, sharing many of the physical and chemical characteristics of soil. It is possible to
control the oxygen concentration, moisture levels and rigidity/ pore structure of the agar as well as
alter the nutrient composition. This makes the system highly adaptable to meet the needs of an
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experiment and match the laboratory “set up” to that of any soil system of interest. One of the
major advantages of using a semi-solid agar system was to support growth and movement of
bacteria for MIC studies, without degradation of the supporting structure. This enabled consistent
conditions to be established and reproducibility of results under laboratory conditions to determine
the extent of and potential mechanisms for MIC corrosion in simulated soil environments. The
advantages of the semi-solid agar system are considered further in the following section.
7.2. Unique capabilities of the agar system for the study of soil MIC
Accelerated testing through PDS is one of the leading tools corrosion scientists have to determine
the electrochemical behaviour of metals in a given environment [38, 85]. However, when
undertaking fundamental microbiologically influenced corrosion studies, potentiodynamic scans are
discouraged as a technique to employ as it is believed that the wide range of changing potentials will
lead to the death of the organisms giving inaccurate data of the effect of the microbes [10, 81, 89].
The potentials are also thought to affect the structure and character of biofilms. The widely
accepted hypothesis that PDS and large changes in applied potential are detrimental to the viability
of bacterial cells has been brought into question by the findings of the P. fluorescens study in semi-
solid agar described in Chapter 6 of this thesis. Of particular interest are Figure 31 and Figure 32
which show agar that had been exposed to the working electrode at the end of potential hold and
PDS experiments respectively. Through the addition of TTC to the agar, it was possible to show the
viability of bacterial cells. Figure 31 demonstrated that while the anodic potential applied for 48
hours caused the death of bacterial cells in the condition when there was no time for a biofilm to
form, under different conditions with time allowed for a biofilm to form the cells remained alive at
the end of the potential hold. Comparing the image of the dead bacteria to Figure 32 it was clear
that bacteria were viable at the conclusion of all the PDS experiments, regardless of time for biofilm
to form. This suggests that PDS do not always lead to the death of bacterial cells.
There are several reasons that PDS have not lead to the death of bacteria under these conditions. It
may be species specific as P. fluorescens has previously been shown to respond positively to
cathodic potentials showing thicker, faster growth when a cathodic potential was initially applied
[98]. The same study indicated that growth of bacteria and production of a biofilm were hampered
when P. fluorescens was exposed to an anodic potential. This provides some explanation in the
current study as to why, without time for a biofilm to form, bacteria associated with samples
exposed to an anodic potential hold died, but the samples exposed to PDS were all found to have
viable bacteria at the conclusion of the experiment. In both cases samples were exposed to anodic
potentials, however, the PDS samples were first exposed to cathodic potentials. It seems likely that
this induced and promoted formation and growth of a biofilm, thus providing a means of sustaining
and increasing the longevity of the bacteria. Further understanding of this difference in cell viability
has been explained in terms of anodic potential exposure times.  The time for which the potential
hold samples were exposed to the anodic potential were much longer than the length (and
particularly exposure time to anodic potentials) of the PDS experiments. These findings are
important for future studies when considering the effects of PDS studies on the response of various
bacteria, particularly their viability when exposed to a range of different potentials, both anodic and
cathodic.
These findings would not have been possible if soil samples or solutions were used for these
experiments. Semi-solid agar is uniquely placed to visually determine the viability of bacteria at the
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conclusion of an accelerated corrosion experiment. In addition, while the conditions provided by the
semi-solid agar system are unique and many of them cannot be replicated in the commonly used
solution based testing system, these results suggest that more investigation is required before
potentiodynamic scans are discounted as a tool to further the understanding of MIC and the
fundamental processes involved.
Another property of semi-solid agar that is not found in solutions or soil samples is the ability to
track the movement of bacteria in response to potential simulation. As with the ability to determine
the viability of bacteria in the system, the ability to track the motility of bacteria is due to the
addition of TTC to the agar, as well as the lower viscosity of semi-solid agar when compared to solid
agar. TTC is added to semi-solid agar to determine motility as part of the Mast motility test and it is
this which this aspect of the system is based upon [149]. This is accompanied by the ability to
visually track corrosion product migration due to the clear colour of the agar and the orange colour
of Fe(III). Both of these properties can tell us much of the mechanisms of MIC and the processes
occurring when steel is corroded in agar. Primarily, it can give evidence of the ways in which bacteria
interacts with corrosion product and how this influences corrosion rates. Chapter 6 demonstrated
that under the conditions applied in these experiments, corrosion product migrated from the
working electrode via diffusion through the agar. P. fluorescens also migrated from the working
electrode over the course of the experiments. Comparing these observations to those obtained from
samples which were not exposed to accelerated corrosion techniques, it is clear that the migration
of the bacteria was due to the formation of corrosion product with the use of accelerated corrosion
techniques. As the corrosion product has migrated further than the bacteria, the theory was raised
that P. fluorescens followed the migration of corrosion product as this was a more accessible form of
ferrous ions which are used by the bacteria for cell replication. This contributed to the hypothesis of
the mechanism of P. fluorescens increasing the corrosion rates seen, explained in detail in Chapter 6.
Based on these findings it would be of interest to set up a corrosion product gradient within the agar
and then introduce P. fluorescens to the system to determine if they follow the corrosion gradient to
the steel surface as would be expected or act in some other way. It would also be of interest to add
ferrous ions to the agar and monitor the response of the bacteria to this evenly distributed source of
iron. This study is only possible in a system such as the semi-solid agar system where the motility of
bacteria can be tracked; corrosion product does not slough off and fall to the bottom of the
electrochemical cell; and where other variables can be readily controlled.
7.3. Further applications of a semi-solid agar analogue for soil
Further modifications of the semi-solid agar system would enable it to be used for many different
applications where a soil-microbe-metal system needs to be better understood. The flexibility and
reproducibility of the semi-solid agar system and the possibility of rapid visual inspections of the
viability and motility of bacteria being investigated all lend themselves to the further study of many
problems encountered in this environment. As much of this thesis has focussed on the development
of this methodology, some of these potential applications are discussed below.
A key application of semi-solid agar would be to study the response of bacteria to cathodic
protection systems. Many CP systems are installed on buried pipelines, particularly in the oil and gas
industry but there is an increase in the number of water pipelines being protected in this way. There
are standard cathodic potentials that need to be maintained based on the type of soil, measured
resistivity of the soil and the likelihood of SRB being present [100].  Unfortunately, MIC is becoming
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more and more prevalent on CP protected systems with more cathodic potentials than specified
being required to control the MIC [103]. In Chapter 6, the death of bacteria was seen when an
anodic potential was applied before there was time for a biofilm to form, but not once a biofilm was
allowed to form prior to the potential being applied. If the aim of applying a cathodic potential is to
reduce corrosion then both the types of bacteria present and the time between infrastructure
installation in a given environment and the application of CP need to be considered. Studies which
have given values at which cathodic protection will be effective in the presence of SRBs are often
conducted on steel without time for a biofilm to form before potentials are applied [99]. This lack of
consideration for the effects of potential on an established biofilm could be contributing to the
higher potentials shown to be required to prevent corrosion on many structures exposed to natural
seawater [103]. Future work in this area should consider the types of bacteria present and whether
cathodic potentials cause them to flourish or atrophy. Future work should also consider when and
how CP is applied being aware of both the effects of potential on an established biofilm and on
metal without a biofilm present that is in an environment where a biofilm could form.  Semi-solid
agar is an ideal system to study these interactions as it is replicable, allows different bacteria to be
tested and can be readily optimised to match the specific environment being studied, including the
pore size of the soil type. The rapid visual inspections that can be undertaken to determine the
viability of the bacteria present and the ability to monitor the movement of bacteria in response to
an applied potential are also an advantage of the system over conventional systems utilised in soil
corrosion studies.
Semi-solid agar is the ideal system to study iron oxidising bacteria (IOB) and how they interact with
iron. Also known as iron depositing bacteria, IOB oxidise Fe(II) to Fe(III) with many species utilising
the electron lost in this process as a source of energy [172]. In the process iron hydroxides are
deposited which are known to form tubercles. They are commonly found in conjunction with SRB as
the deposition of tubercles provides an anaerobic micro environment [10, 51, 173]. Increased
corrosion rates are seen when SRB and IOB are both present in a system. Iron oxidising bacteria are
microaerophilic meaning that they grow best in environments with low levels of oxygen, such as clay
based soils [20]. Oxygen levels are easily controlled and maintained in agar, as it has lower diffusion
and convection rates than a solution due to its gel like nature. There are many conflicting ideas in
the literature about IOB and tubercles, with little consensus about how they corrode steel, where
oxidation of Fe(II) occurs and how tubercles are formed [174]. The ability to track the movement of
corrosion product and bacteria in the semi-solid agar system enables the system to be used to great
benefit in answering these questions. The ability to create a chemical gradient of corrosion product
and then add bacterial species and track their interaction with the corrosion product is of benefit in
determining whether IOB are attracted to Fe(II) and thus move towards it or whether they make use
of a resource when they are in close proximity but would not seek it out. These questions are unable
to be answered in solution experiments because the bacteria are in planktonic form and dependent
on convection of the solution for movement. In solution they will also attempt to attach to any solid
surface they encounter. The semi-solid agar supports bacteria and enables them to act as they
would in soil and be independently motile.
In corrosion studies biodegradation is a phenomenon to understand so that it can be minimised.
However, there are also other situations where it is important to understand the process of
biodegradation so that it can be maximised. Alloying elements in stainless steels, such as chromium,
can be removed by metal oxidising bacteria [175]. In stainless steels this leads to the breakdown of
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the passive layer in localised regions so that the underlying metal is susceptible to corrosion. Similar
bacteria are regularly employed in mining to recover metals by oxidising sulphides that are present
and contaminating the metal of interest [176]. There is some contention over how this process
occurs and what contribution metal oxidising bacteria play in these operations. The oxidation and
reduction of metals can play a large role in determining the geochemistry of a specific area [177].
Iron and manganese reduction by bacteria have also been shown to be closely linked to carbon
cycling in soils and aquatic environments [49], suggesting that metal reducing bacteria are vital in
the recycling of essential elements in the environment. Bioremediation of contaminated soils and
waters can utilise similar species to remove heavy metals and hydrocarbons from the environment
[178].  This is a developing field of great complexity as it involves large microbial communities and
large amounts of variability with contaminants and environmental conditions. Contaminants are
known to have long term effects on the local soil chemistry and microbial populations [179]. Many
studies have been conducted investigating the effect of a single microbe on a single contaminant, be
it a hydrocarbon  or a heavy metal such as chromium , but as with corrosion studies, this approach
has limited application in the real world. An area of great interest is the problem of mixed
contaminants present in soil as it has been demonstrated that heavy metals are capable of reducing
the rate of degradation of hydrocarbons [180-182]. Optimisation of bioremediation processes
through the understanding of the role of microbial species and communities, contaminant
bioavailability and how microbes are able to breakdown different contaminants would allow for
more effective clean-up of heavy metals and hydrocarbons that are present due to industrial
processes [178]. Contaminants can be added directly to semi-solid agar, either as a working
electrode or as particles within the agar. The response of microbes to the contaminants can be
monitored including whether the microbes move towards or away from the contaminants when
they are introduced into the system. Many of the environmental factors that need to be considered
in order to optimise a soil bioremediation process are similar to those that need to be considered
when analysing soil MIC. Due to the reproducibility of the semi-solid agar system and the ready
ability to change a single variable and study its effect on the system as a whole, this agar system
would be of great benefit to the optimisation of bioremediation processes. The ability to track the
movement and viability of microbes in the agar is also an advantage for bioremediation studies
aimed at gaining greater insight into the mechanisms of microbes breaking down heavy metals and
hydrocarbons to make contaminants safe for the environment and people.
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Chapter 8. Conclusions and Future Work
8.1. Conclusions
1. A novel electrochemical system was developed in order to replicate a soil based environment for
studying MIC on the external surface of buried water carbon steel pipelines. This enabled
fundamental studies of MIC to be conducted in an accessible, controllable and reproducible
manner that incorporated physical and chemical properties of soil.
2. Initial studies using solid agar as a means of replicating soil showed that oxygen control,
particularly at the metal/agar interface, was crucial for obtaining consistent results. In solid agar,
obtaining reproducible results by reducing the oxygen content to minimal levels and using a
Viton seal to eliminate crevice corrosion. Solid agar was not an ideal system to use as an
analogue for soil to enable easily controllable experiments and reproducible results.
3. Following these initial findings, semi-solid agar with the oxygen concentration kept constant was
investigated as an analogue for soil. The addition of peptide nutrients to semi-solid agar was
shown by OCP, potentiodynamic scans and potential hold measurements to have an inhibitory
effect on the corrosion of carbon steel. The inhibition appeared to be concentration dependent,
especially at higher potentials. The inhibitory nature of these compounds was hypothesised to
be due to the charged side groups of the peptides which include both carboxyl and amine groups
which are both known inhibitor groups.
4. Agar was shown by cyclic voltammetry to have a stable electrochemical working limit of +/- 0.7V
vs OCP, though this could be extended up to 1.2V vs OCP. As this range was repeated with three
different reference electrodes it is possible to use any of these reference electrodes in semi-solid
agar though SCE and Ag|AgCl were found to be the most stable.
5. The addition of steel to the agar system during cyclic voltammetry and anodic scan
measurements showed that steel and agar interact, particularly in the anodic region. With
additional anodic scans applied sequentially the oxide film produced became more compacted
and conductive. This is akin to the process that occurs in atmospheric corrosion over long time
periods, suggesting that this is a good model for steel corrosion processes.
6. An electrochemically stable semi-solid agar system has been established with the ability to
initiate general corrosion on a steel surface and give reproducible results. It is a good analogue
for soil, in particular for clay based soils with small pores between soil particles where the
greatest corrosion risk is found in the field.
7. Preliminary MIC tests indicated that P. fluorescens increased the thermodynamic and kinetic
potential for corrosion, irrespective of the time for biofilm development. It was proposed that
two mechanisms are contributing to the increase in corrosion that was seen with the addition of
P. fluorescens to the system. The increase in corrosion was measured with OCP,
potentiodynamic scans and potential hold measurements. At shorter OCP times (3 hours and 24
hours) it was proposed that a metabolite produced by the bacteria known as pyoverdine was
binding the Fe(III) in the system which allowed the bacteria to transport the Fe(III) across the cell
wall. This causes a chemical drive for more Fe(III) to be produced leading to higher rates of
corrosion. At longer OCP times (48 hours) when Fe(III) was readily available and the production
of pyoverdine would have decreased, the biofilm was believed to be stable as demonstrated by
EIS analysis and to have formed a metal concentration gradient leading to an increase in
corrosion. The inhibitive nature of the peptide nutrients were shown to be impacting on the
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action of P. fluorescens and the balance between these two factors was important in
determining the level of corrosion.
8. Increased etching with additional gouge like regions was seen on the surface of samples with
bacteria present. This was attributed to clumping of bacterial cells along the grain boundaries
where iron oxides are formed.
9. Biofilm formation has been shown to have a protective effect for the bacteria against the
applied potential, preventing the death of cells over the 48 hour period when time was given for
the biofilm to become established before the potential was applied. The finding that an anodic
potential can kill bacteria and that the establishment of a biofilm can protect against this have
implications for cathodic protection systems in preventing MIC.
10. P. fluorescens was shown to migrate from the steel surface over time, following the diffusion of
Fe(III). It was hypothesised that this was due to the diffused Fe(III) being a more readily available
form of iron with less competition further from the steel working electrode surface.
11. This study revealed that a unique capability of the semi-solid agar system was the ability to
determine visually the extent that the bacterial cells were still alive at the end of an accelerated
corrosion test. Here, it has been shown that bacterial cells are not necessarily killed by the PDS
process, which is contrary to the popular literature on the application of accelerated corrosion
techniques to the study of MIC.
12. Semi-solid agar was shown to have the advantage of both reducing microbial contamination
from the atmosphere at the corrosion site and being able to track any such microbial
contamination of the system as a whole that does occur. Maintaining aseptic conditions is vital
for determining the effects of a given bacterial species on corrosion and the ability to monitor
the loss of aseptic conditions is unique to this system.
93
8.2. Future work
This study has begun development of the semi-solid agar system as an analogue for soil. It is evident
that there are many applications for this system, as there is much more to understand both about
the system and how microbes, metals and soils interact. There are several key areas of work which
will need to be undertaken in the future to address corrosion issues along water pipelines.
Firstly this system needs to be used with a wide range of nutrients and metals to investigate its
stability and to broaden understanding of how nutrients impact on corrosion. It would also be of
interest to conduct some of these studies without electrochemical techniques and look at the
surface changes over an extended period with and without bacteria to compare to the accelerated
corrosion testing results.
Secondly, an experiment of great interest is to take the system as it stands and initiate corrosion of
steel prior to adding bacteria to the system. This would enable study of the interactions of bacteria
with an established corrosion gradient. Chapter 6 of this thesis has indicated that bacteria do follow
a corrosion gradient, but it is not known whether bacteria would follow corrosion gradients to reach
steel or another metal from an area of low iron concentration.
Thirdly, it would also be useful to study the semi-solid agar system in micro-aerobic and anaerobic
conditions to determine whether results remain reproducible. This would then enable the system to
be used to study SRBs and other anaerobic bacterial species that are known to be actively involved
in MIC. In addition, a range of bacterial species should be studied with the semi-solid agar system
including mixed populations of bacteria, which is more representative of soil environments.
Additionally, in this thesis due to timing limitations, few morphological studies of agar, steel and
their interactions have been undertaken. In the future detailed studies of the morphology of agar
and how it interacts with steel need to be undertaken both prior to and after exposure to applied
potentials, in order to more fully understand the mechanisms of corrosion and the interactions
between agar, bacteria and steel. Additional comparison between electrochemical scans and optical
microscopy and surface profiling of samples would increase this understanding.
As outlined in Chapter 7 there are many potential applications of the semi-solid agar system in
addition to the study of MIC in soils. These include the study of CP on metals in soil; bioremediation
of soil as contaminants can be added directly to the agar; and the study of iron oxidising bacteria and
how they interact with both metals and corrosion products.
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